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ABSTRACT
The Effects of Atomic Oxygen on Silicone and Carbon-Based Contamination
Mayana Gordon

Understanding the space environment and contamination concerns of a spacecraft is
critical in designing a successful mission. The ability for a spacecraft to meet its
science objectives relies on systems functioning as intended. A concern for maintaining performance while on orbit is molecular contamination. Silicones have previously
been shown to form a silica layer on their surfaces when exposed to atomic oxygen.
For silicone contamination, this translates to a silica film on the contaminated surface.
Missions such as Long Duration Exposure Facility and Evaluation of Oxygen Interactions with Materials III have indicated that the silica film can trap deposits of carbon
contamination to the surface during its formation. This phenomenon was explored in
this research using RTV-S 691 silicone and Braycote 601EF for the carbon-based contaminant. The experiment involved contaminating an aluminum substrate in three
different configurations; one for each contaminant individually on the substrate, and
one with both contaminants. These samples were exposed to atomic oxygen for a
period of 24 hours, then analyzed with Fourier transform infrared spectroscopy. The
trends in infrared spectra for the different test cases were characterized for comparison. The trend for samples with a carbon-to-silicone contamination ratio of greater
than ten to one showed peaks corresponding to those seen on the singularly contaminated samples. When the concentration of silicone was increased, the trend in spectral
results showed peaks corresponding to Braycote before atomic oxygen exposure. At
certain concentrations of RTV silicone to Braycote, the trends suggest Braycote is
partially protected from atomic oxygen by a silica film. This indicates that silicone
conversion to silica in atomic oxygen can trap contaminants to a surface.
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Chapter 1
INTRODUCTION

1.1

Space Environments

One consideration when designing spacecraft is the space environment. The type
of environment a spacecraft will encounter is dependent on the region of space it is
traversing. A spacecraft’s proximity to the Sun and planets will inform the design
considerations needed for a mission. Earth orbiting satellites inhabit three main
regions: Low Earth Orbit (LEO), Medium Earth Orbit (MEO), or Geostationary
Equatorial Orbit (GEO). LEO is generally defined as altitudes in space less than 2,000
km, GEO is defined as 35,686±200 km, and MEO encompasses the region between
LEO and GEO [26]. When designing missions with high eccentricity or inclination,
engineers must consider that spacecraft may pass through multiple regions and will
therefore experience the effects from those environments.
The natural space environment consists of the neutral thermosphere, the thermal
environment, plasma, meteoroids and orbital debris, the solar environment, ionizing radiation, magnetic fields, and gravitational fields [33]. These environments can
lead to degradation of spacecraft materials and electronics, arcing and high voltage
discharge, thermal-induced vibrations, changes in thermal properties, and other programmatic issues [33]. The space environment-induced effects create problems for the
exterior materials on spacecraft, specifically, material degradation due to interaction
with ultraviolet (UV) radiation, plasma, environment-induced contamination, and
atomic oxygen (AO) in LEO [16]. For the purpose of this thesis, the key environmental considerations are environment-induced contamination, AO, and UV radiation.
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The ranking of mission impact resulting from the space environment can be seen
in Table 1.1 [33]. This table applies a numerical value to a range of increasingly
problematic effects determining a mission’s viability. Understanding the significance
Table 1.1: Relative Ranking of Space Environment on Mission Impact [33]
Impact
Significance
0
Effects produced can be ignored
1
Effects produced may cause upsets
2
Effects produced will cause upsets
3
Effects produced may require design changes
4
Effects produced will require design changes
5
Effects produced may reduce mission effectiveness
6
Effects produced will reduce mission effectiveness
7
Effects produced may shorten the mission
8
Effects produced will shorten the mission
9
Effects produced may negate the mission
10
Effects produced will negate the mission

of each category will allow for informed spacecraft designs. Items with an impact of
four or greater require engineers to design accordingly to minimize potential risk to the
mission. Among these design considerations are material selection and thicknesses,
placement of instruments and sensitive hardware, and additional spacecraft shielding.
Items with an impact from one to three still require engineers to understand the
potential risks to the system, so informed decisions can be made to design for end
of life conditions for any individual mission. Table 1.2 shows a select group of space
environments, and the impact of those environments on a mission for four different
orbits [33]. Table 1.2 illustrates how detrimental space environment effects can be
when not designed for properly. The neutral atmosphere, which includes atmospheric
density, winds, and composition, is a leading concern for spacecraft in LEO. One
contributing factor is that from approximately 175 to 600 km the main constituent
making up the atmosphere is monatomic oxygen, referred to as atomic oxygen, created
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Table 1.2: Relative Impact of Space Environment on Missions [33]
Space Environment
LEO Low Incl.
LEO high Incl.
MEO
GEO
Direct sunlight*
4
4
4
4
Gravity field
3
3
3
0
Magnetic field
3
3
3
0
Trapped radiation
0-5
2-5
5
1
Solar particle events
0
4
3
5
Galactic cosmic rays
0
4
3
5
Debris
7
7
0-3
3
Meteoroids
3
3
3
3
Ionosphere
3
3
1
0
Spacecraft charging
0
3
0
5
Neutral atmosphere**
7-9
7-9
0-3
0
*UV included in direct sunlight environment
**AO included in neutral atmosphere

by the dissociation of O2 . AO is highly erosive for many materials used on spacecraft,
and has been shown to convert silicone to silica [5]. Among the other significant
environmental considerations for spacecraft in all orbits is direct sunlight. In the
vacuum of space, spacecraft temperatures can vary significantly between sunlit and
shaded regions. This effect can be exaggerated by exposure to UV radiation, from
the Sun, darkening thermal control surfaces. Spacecraft are designed to operate in
extreme temperatures, but if the spacecraft is exceeding the expected temperature
range it could cause significant problems for the instruments and electronics on board.
Additionally, UV degradation of solar cell cover slides can diminish the power output
from the solar arrays as a whole [33]. Understanding how the spacecraft surfaces may
change over time is important for the success of a mission.
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1.2

Molecular Contamination

Another important consideration for mission success in the design and manufacturing
process is spacecraft contamination. In general, spacecraft contamination is categorized as either particulate or molecular. Particulate contamination is defined as an
undesired small foreign material with visible length, width, and thickness, and molecular contamination is defined as an undesired foreign film without defined dimensions
[46]. Molecular contamination is generated primarily through outgassing and thruster
plumes. Thruster plume contamination comes from thrusters ejecting small droplets
of mass at angles greater than 90◦ which results in the contamination of surfaces
around the thrusters [46].
Outgassing refers to the process of molecules escaping from a material, often from
exposure to vacuum. These molecules can either be from within the material and
migrate to the surface or start on the surface. Molecules outgassed into the local
environment can then deposit on other surfaces on the spacecraft, resulting in contamination of those surfaces. This process occurs through direct, reflected, or return
flux [46]. Direct flux refers to the molecule having a direct line of sight to the surface
it is contaminating, reflected flux is where the molecule lands on an intermediate
surface and is reflected off to contaminate a surface within direct line of sight of
the intermediate surface, and return flux is where the outgassed molecule leaves the
spacecraft and through interaction with the atmosphere returns to contaminate the
spacecraft [46]. Note that return flux requires an orbit with some atmospheric interaction. The thin film of molecular contamination can change the absorptance,
transmittance, and reflectance of the contaminated material [46]. For thermal control surfaces this means thermal regulation is not occurring as intended. For optical
elements, the signal-to-noise ratio decreases and light energy of certain wavelengths
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is not reflected as designed [46]. Discernment of how contamination will interact
with sensitive surfaces and which surfaces have a high probability of experiencing
contamination is important for a spacecraft’s ability to meet science requirements.

1.3

Motivation

The synergistic effects of molecular contamination and aspects of the space environment introduce new concerns. One aspect is the interaction of contaminants and
AO. For carbon-based contamination, exposure to AO tends to be erosive, which can
effectively clean the surface of some of the contaminant [19]. However, for silicone
contamination, interaction with atomic oxygen has been seen to convert the thin film
of silicone to a layer of silica that becomes fixed to the surface [6]. Silica is nonreactive in AO, so the silica layer will stay on the surface and can prevent further
erosion of the underlying spacecraft material if the layer of silica is continuous [6].
This becomes a concern in instances where the surface finish is important, for instance
on lenses.
Silicone contamination in AO is also problematic when other contaminants are present.
Some evidence from previous missions, including Long Duration Exposure Facility
(LDEF) and Evaluation of Oxygen Interactions with Materials III (EOIM-III), indicates that the conversion of silicone contamination to silica can trap other contaminants to the surface [6, 23, 30]. Contamination can cause performance degradation on
thermal and optical surfaces. Additional concerns arise around the contaminant being trapped to the surface because interactions with the space environment that can
remove contamination would no longer do so. For example, the contaminant would
no longer be removed by AO erosion. Another concern for contamination becoming
trapped to the spacecraft is that some contaminants darken in UV exposure. Carbon
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materials tend to be among those that significantly darken in UV [30]. Surfaces with
trapped carbon contamination will likely darken more than anticipated, leading to
more changes material properties such as absorbance and reflectance than expected.
Findings from the LDEF mission inspired further investigation into surfaces exposed
and not exposed to atomic oxygen. This prompted the experiment EOIM-III, which
was conducted on the Space Shuttle mission 46. These missions gave evidence to
support the theory of contamination being trapped by silicone conversion to silica.
A ground-based experiment was done to explore this concept further, looking at the
change in transmittance of samples exposed to hydrocarbon and silicone contamination in AO [11]. This experiment found a lower transmittance after AO exposure for
every configuration tested, but did not test the effects of silicone and hydrocarbon
contamination independently. More research is needed to characterize what aspect
of carbon contamination becoming trapped to a surface is a consequence of silicone
and AO interaction. This thesis will analyze the presence of carbon contamination
becoming trapped to a surface as a result of silicone conversion to silica in atomic
oxygen. Understanding this will improve the estimation of end of life conditions for
missions in LEO.

1.4

Objectives

The primary objective of this thesis is to identify if the process of silicone converting
to silica from AO exposure causes carbon contamination to become trapped to a surface. In order to identify if silicone is responsible for trapping these carbon deposits,
it is necessary to test the contaminated substrates in three configurations. The first
configuration being the substrate solely contaminated with silicone, the next being
solely carbon-based contamination, and the final configuration being the substrate
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contaminated with both silicone and carbon-based contamination. These test samples were each exposed to AO under vacuum along with a non-contaminated control
sample of the substrate. Additionally, one of the contaminated samples was held in a
comparable vacuum environment without atomic oxygen to create a non-AO exposed
control sample.
Each of these samples were analyzed with a Fourier transform infrared (FTIR) spectrometer. Using the IR spectra obtained from the FTIR, the trends in peak location,
shape, and intensity for each configuration were characterized. Differences in the
spectra was used to identify if silicone was causing the carbon contamination to remain on the sample in a way that it otherwise would not. Additional tests were
conducted to analyze the effect the ratio of silicone-to-carbon contamination had on
the presence of carbon after AO exposure.

7

Chapter 2
BACKGROUND

2.1

Atomic Oxygen

AO, a highly reactive oxygen atom, is formed through photochemical dissociation
of diatomic oxygen (O2 ) into two oxygen atoms. Because of the stable nature of
O2 , the dissociation energy required to split the molecule is greater than 5.12 eV
[33]. Solar UV radiation at wavelengths greater than 190 nm is capable of providing
enough energy to create AO [33]. Atomic oxygen can only exist in regions with a
low probability of recombination or ozone formation, making the low-density upper
atmosphere the ideal condition [33]. AO is abundant in Earth orbit at altitudes
between 60 to 800 km, and is the dominant constituent from 175 to 600 km, as shown
in Figure 2.1 [33]. At these altitudes, AO is a concern for spacecraft in LEO.

Figure 2.1: MISE-90 atmospheric constituent mean concentration profile
[33]
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The creation of AO is dependent on solar activity given the key role of solar UV
in its formation. Solar minimums and maximums occur on an 11 year cycle. AO
flux, defined as particles per unit area per unit time, arriving at a spacecraft will
vary by several orders of magnitude between periods of low and high solar activity
[2]. This can be seen in Figure 2.2, which shows the variation in AO number density
dependent on the solar cycle [18]. When solar activity is high, more UV radiation is
present to cause the photochemical dissociation of O2 . It also causes the atmosphere
to expand, increasing the number density at higher altitudes. Spacecraft surfaces in

Figure 2.2: Variation of atomic oxygen number density due to solar output
based on MRLMSISE-00 model [18]
LEO interact with the AO due to its relative abundance in that region. With LEO
spacecraft reaching speeds of approximately 7 km/s, the primary interaction with AO
is in the ram direction. Additionally, orbit inclination and increased velocities of AO
due to the high temperatures of LEO, can cause AO flux to reach non-ram directions
[3].
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The effect of atomic oxygen on spacecraft materials is dependent on the molecular
groups that make up the material. AO forms oxygen bonds with polymers, carbon
allotropes, and most metals, leading to oxidation and potentially erosion of those
materials [3]. An example of this process can be seen in Figure 2.3 for AO impingent
on a sample of graphite [18]. This figure shows the chemical reaction between oxygen

Figure 2.3: Atomic oxygen erosion of example graphite surface [18]
and carbon atoms on the the surface of the graphite. With enough energy, the oxygen
atom will form a bond with the carbon. Impacted by another oxygen atom, if the
energy transferred to the surface is sufficient, the carbon will form a triple bond with
the initial oxygen atom, physically removing the carbon [18]. Bombarded with many
oxygen atoms, significant erosion can occur. Erosion yield is used to describe the
removal of material as a result of oxidation. The expected depth of material loss can
be calculated by multiplying erosion yield by AO fluence, given in particles per unit
area [33].
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In addition to material erosion, interaction with atomic oxygen can cause volatile
oxides to outgas from the surface. The volatile oxides are a concern because they
can collect on sensitive surfaces of the spacecraft after outgassing. This is primarily
a concern for polymers and carbons, which are likely to form volatiles, as opposed
to metals which produce non-volatile oxides [28]. Interaction with AO can cause
significant degradation to spacecraft surface properties, including changes in optical,
thermal, and mechanical performance.

2.2

Ground-Based Atomic Oxygen

Because AO is an important consideration for spacecraft in LEO, the ability to perform ground-based tests on the effects of AO is an important resource. In addition
to the relative accessibility of ground-based testing as opposed to on-orbit, there is a
considerable cost advantage if testing can be done on Earth. The ability to “test how
you fly” allows engineers to understand and minimize risks to spacecraft. However,
ground-based AO testing cannot replicate all aspects of on-orbit tests. Understanding these differences through comparisons with missions, like LDEF, is important in
understanding the results of ground-based tests.
There are a number of techniques for creating atomic oxygen. Dissociation of O2
typically is achieved with radio frequency (RF), microwave, or laser energy [18]. A
variation of these techniques is used in plasma ashers, continuous or pulsed lasers,
gridded or gridless ion sources, or microwave electron cyclotron resonance (ECR)
sources [28]. Plasma ashers, either inductively or capacitively coupled (ICP or CCP,
respectively), use RF energy to generate the thermal energy plasma. The low-energy
AO plasma produced in systems such as plasma ashers is typically isotropic, with
AO traveling in all directions at low speeds. This property results in smother surface
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erosion than is seen from the directional AO on-orbit [18]. The probability of the
surface material interacting with each AO atom also decreases with the lower energy
of the plasma [18]. To account for this, a higher number density of atomic oxygen is
produced in systems that create low-energy AO. Alternatively, ion sources are able
to produce high-energy AO, but are limited in the AO flux they can produce [28].
Atomic oxygen from an ECR plasma source is generated by dissociation using an
induced magnetic field [36]. This type of AO is a high-energy directional plasma,
but does not produce high AO flux, meaning the equivalent on-orbit periods that
can be achieved are limited [36]. Plasma sources differ in a few key ways, including
flux level, plasma energy, directionality of atoms, and the operating vacuum pressure.
These differences determine how accurately the system will represent the properties
of on-orbit AO. The best system to use will likely change based on the objectives of
the experiment.
In order to minimize variability between AO exposure facilities, the standard, ASTM
E2089, was created [1]. This document sets a standard for procedure and calculations
to allow for comparability between AO experiments. The procedure defines standard
witness materials that should be used along with the experiment to determine AO
flux and fluence in the chamber. Acceptable witness samples include Kapton H or
HN, tetrafluoroethylene (TFE)-fluorocarbon fluorinated ethylene propylene (FEP),
low-density polyethylene (PE), and pyrolytic graphite (PG). For the materials other
than Kapton, the mass or thickness loss should be reported relative to Kapton, therefore Kapton is the preferred witness material [1]. For the experiments performed
in this report, the witness material used was Kapton HN. The standard also gives
best practices for sample preparation, exposure area control, dehydration and outgassing, and weighing [1]. Equations are provided for determining the effective flux
and fluence, which can be used in calculating the erosion yield of a material.
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2.3

Silicones in Atomic Oxygen

Silicone is a commonly used material on spacecraft, and therefore the interaction of
silicone with the space environment is important to understand. Past missions and
research have investigated the phenomenon that occurs with silicone when exposed
to atomic oxygen. It has been well characterized that silicone will slowly transform to
silica (SiO2 ) in AO exposure [2, 12]. LDEF is a satellite that was in LEO for almost
six years, with the goal of characterizing space environment effects. The ram direction
was fixed with respect to AO fluence due to gravity gradient stabilization [6]. The AO
fluence on the ram-facing surface of the spacecraft was up to 9.09x1021 atoms/cm2
and 2.31x105 atoms/cm2 on the opposing side [6, 30]. Materials exposed to both
levels of AO include silicones and surfaces actively receiving silicone contamination.
Silicone surfaces, particularly in the ram direction, converted to a silicate, SiOx with
x approaching 2 [51]. These silicone-based materials were observed to be resistant to
further AO erosion [13].
Ground-based testing has also been done to characterize the interaction of AO and
silicone. One ground-based experiment examined the effect of AO on DC 93-500
silicone. A plasma asher was used to produce the atomic oxygen plasma [12]. A
mass gain of 0.46% was found on samples with AO exposure. The mass gain was
determined to be a result of an increase in the oxygen content as measured by X-ray
photoelectron spectroscopy (XPS) analysis [12]. A layer of SiOx on the surface was
measured to have a depth of approximately 1000 Å when exposed to an effective
fluence of 6.11x1019 atoms/cm2 . The SiOx layer increased to approximately 2000 Å
after exposure to an additional effective fluence of 4.12x1020 atoms/cm2 [12]. An x
was used to denote that the layer was a silicate approaching but not fully converted
to silica. It was speculated that the continued conversion to SiOx after an initial layer
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was formed is due to incomplete conversion to silica allowing atomic oxygen to diffuse
through the SiOx layer [12].
Silicone first forms a silicate layer on the surface in the form of SiOx , where x approaches 2, gradually transforming to silica [21]. Silicones are chains of alternating
silicon and oxygen atoms (AKA siloxanes) with the other two bonds attached to hydrocarbon groups, such as methyl. A methyl group is composed of three hydrogens
and one carbon atom. An example of a simple silicone with methyl groups bonded to
the siloxane backbone can be seen in Figure 2.4 [14]. The formation of silica from AO

Figure 2.4: Poly(dimethyl)siloxane molecular structure [14]
exposure is a result of oxidation replacing the hydrocarbon groups from the silicone
with oxygen atoms [3]. The molecular structure of a silica sample in its crystalline
form, with a two to one oxygen-to-silicone ratio, can be seen in Figure 2.5 [34]. The
decrease in carbon hydrogen bonds can be observed using spectroscopy and other
material characterization techniques. Silica is resistant to the effects of atomic oxygen [3]. Because the conversion to silica occurs on the surface layer of a sample, the
material properties between the surface and the underlaying material differ. This can
result in surface cracking which can lead to exposure of unintended materials [6]. A
continuous silica film from silicone conversion can prevent AO erosion of underlying
material, but when the surface experiences cracking, the underlying materials can
become exposed to AO again [6]. Figure 2.6 shows the results of a silicone sample of
DC 93-500 after exposure to AO with an effective fluence of 2.6x1021 atom/cm2 [3].
14

Figure 2.5: SiO2 molecular structure in its crystalline form, quartz [34]
The vertical crack in this image shows one that was freshly opened, as opposed to the
smoothed out glassy horizontal crack. This silicone sample formed a silica layer on

Figure 2.6: SEM image of DC 93-500 silicone after AO exposure with an
effective fluence of 2.6x1021 atom/cm2 [3]
the surface that lead to cracking. The exposed silicone in the cracks then formed a
silica layer, seen in the horizontal crack. After the silica layer was formed, the crack
continued to deepen as a result of further fracturing, seen in the vertical crack [12].
This type of crack propagation increases the depth of the exposed material.
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Another concern for spacecraft arises from silicone contamination in LEO. Silicones
used on spacecraft contain a range of volatile species that can contaminate other surfaces. Silicone contamination on spacecraft surfaces can become fixed when converted
to silica, preventing it from outgassing off the new surface [6]. In 1997, a solar array
segment from the Mir core module was returned to Earth after 10 years in LEO and
microscopically examined [47, 6]. The segment was part of the non-articulating photovoltaic array, which was found to have experienced significant silicone contamination
[47]. The cells were protected by a cover glass and optical solar reflector (OSR), which
were sandwiched to the front and back of the cell, respectively, by a layer of glass
cloth and silicone adhesive [47]. The purpose of the OSR is to minimize the heat
input from the sun on the back of the solar panel and reject heat from the solar cell
[47]. A visual inspection of the returned cell showed the presence of a non-uniform
transparent white contamination film on both the front and back side. This film was
confirmed to be primarily silica deposits up to 4.6 µm thick [47, 6]. The contamination source is hypothesized to be the silicone polymer adhesive used in bonding the
cover glass and OSR to the solar cell [47]. The silicone contamination was oxidized
by atomic oxygen to produce the silica deposits. A support mesh was present on the
returned segment which shielded part of the solar cells from AO arrival [6]. In the
locations where the silicone was shielded from AO, the silica layer was thinner [6]. In
the presence of atomic oxygen, silicone contamination deposited on a spacecraft can
become fixed to the surface forming a silica film.

2.4

Silicones and Contamination in Atomic Oxygen

The effects on silicone and carbon contamination from atomic oxygen exposure have
been observed on a number of missions in LEO, including on LDEF and EOIM-III
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[6]. These missions highlight the concern around silica formation on sensitive surfaces
and the synergistic effects of silicone and carbon contamination in AO and UV.
One source of silicone on LDEF was the thermal coating S13G/LO, which contained
a zinc oxide pigment in an RTV 602 methyl silicone binder. Another white paint
on LDEF was Z93, which also had a zinc oxide pigment, but in a potassium silicate
binder [50]. The S13G/LO samples degraded (darkened) far more than expected
based on what ground testing suggested, which is opposite of the results for Z93
[50]. The S13G/LO showed fracturing that was not present on control samples,
which is thought to be because of silica formation on the surface due to AO exposure
[51, 50]. In contrast, there appeared to be little change to the molecular surface of
the Z93 given silicate is more resistant to the effects of AO [50]. It is known that
carbon contamination was present on and around the surfaces of LDEF during the
mission. Consequentially, it is hypothesized that the degradation of the S13G/LO was
worse than the Z93 due to silicone conversion to silica trapping carbon contamination
that was impingent on the surface, forming carbon deposits that darken under UV
exposure [51]. Notably, the trailing edge S13G/LO surface, that had only minor AO
interaction, appeared to darken more than the leading edge that was in the path of
arriving AO [23]. However, the leading edge appeared to have a layer of light brown
contaminant on the surface [30].
The difference in the leading and trailing edge for the S13G/LO surfaces on LDEF
was investigated further by the experiment EOIM-III, flown on the Space Shuttle
mission 46 (STS-46). S13G/LO LE was a sample from the leading edge (LE) of
LDEF, which saw 9400 equivalent sun hours of UV and 8.99×1021 atoms/cm2 of AO,
though due to the location of the selected LE sample, AO exposure was primarily in
the form of reflected flux [30]. The S13G/LO TE sample was from the trailing edge
(TE) of LDEF, so was exposed to 10400 equivalent sun hours of UV and 2.31×105
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atoms/cm2 of AO fluence [30]. Both the LE and TE samples were darkened by
the UV exposure on LDEF, but only the LE sample had a significant layer of light
brown contaminant before the EOIM-III experiment [30]. After the experiment was
performed, both S13G/LO samples experience a weight gain on the order of 10−4
g, which was unexpected, but could be explained by re-absorption of water vapor
[30]. The TE sample was visibly whiter after the flight, which appeared to be a
result of minor AO erosion seen in the scanning electron microscope (SEM) images
in Figure 2.7, characterizing surface morphology [30]. This is contradictory to what
was seen with S13G/LO on LDEF, which darkened in the AO and UV environment.
Closer examination using FTIR spectroscopy was done. Figure 2.8 shows a decrease in

Figure 2.7: SEM morphology of EOIM-III S13G/LO TE pre- and postflight [30]
absorption at 3000 cm−1 , indicating a decrease in C-H stretching as a result of methyl
groups having been removed from the silicone binder [30]. Additional characterization
showed a decrease in the carbon concentration and an increase in silicon and oxygen
concentrations post-flight, which is indicative of silica formation [30]. The erosion of
the surface which lightened the sample likely occurred prior to a continuous layer of
silica forming, as that is known to combat erosion. Comparatively, there was little
change to the S13G/LO LE sample. The uniform increase in absorbance, as shown
18

Figure 2.8: FTIR Spectra of EOIM-III S13G/LO TE [30]
in Figure 2.9, can be explained by the paint thickness varying at measurement sites
[30]. XPS analysis also indicated that the primary surface structure was silica preand post-flight, which explains the stable nature of the sample [30]. XPS also showed
carbon to be present on the surface. The contamination layer on the surface did not
change when exposed to AO, likely because the silica layer prevented erosion [30].
The difference in the leading and trailing edge of the S13G/LO samples seems to be

Figure 2.9: FTIR Spectra of EOIM-III S13G/LO LE [30]
explained by when a protective layer of silica formed on the surface. The leading edge
had a silica layer pre-flight which protected it from AO erosion, whereas the trailing
edge continued to see conversion to silica during AO exposure.
Testing of S13G/LO paint on LDEF showed that silica formation occurred on the
leading edge in AO exposure. The leading edge sample darkened in UV, though not
to the extent of the trailing edge [23]. The difference in darkening could be explained
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by AO erosion on the leading edge prior to a continuous film of silica forming or a
difference in equivalent sun hours of UV exposure. A comparison to the EOIM-III
mission shows that the leading edge S13G/LO sample did not erode in AO exposure
due to a stable layer of silica on the surface [30]. Additionally, the trailing edge
sample did experience some erosion prior to forming a silica layer [30].
For the duration of the LDEF mission, there was a “contamination cloud” of various outgassed silicones and hydrocarbons around the spacecraft [41]. A mixture of
hydrocarbon and silicone contamination was present in locations not in direct line of
sight of outgassing sources, as a result of this cloud [41, 42]. Both silicon and carbon
from contamination were found on the leading and trailing edge of the spacecraft as
measured by XPS and confirmed by other analytical methods [42]. The signal of constituents from the examined substrate on the leading edge indicated the depth of the
silica formed was less than 100 Å, however other sites were noted to be heavily contaminated, but the thickness was not specified [42]. One of the contamination films
on LDEF was examined through spectral analysis in three layers. It was found that
the top layer was dominated by silica, with some evidence of carbonyl peaks. In the
layer beneath, the carbonyl peaks became more evident [10]. The final layer showed
the underlying material [10]. It is unclear if the increase in carbonyl intensity in the
second layer is a result of the silicone not having converted to silica at this depth or
from trapping of carbon contamination. The spectrum did not show evidence of the
C-H stretching peak typically associated with silicone [10]. This would suggest the
carbonyl peaks were from a different contaminant, but more evidence is needed to
definitively conclude this.
The majority of what is known about silicones in atomic oxygen has been discovered through inflight tests and analysis of returned spacecraft. These findings have
prompted ground-based testing of silicones in atomic oxygen. One ground-based
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test looked at the interaction of silicone and hydrocarbon contamination on optical
surfaces in AO [4]. The silicone contamination source was RTV 560, the hydrocarbon contamination source was Tygon type R-3603 polyvinylchloride tubing, and the
substrate used in the experiment was fused silica [4]. The test was run in two configurations, in a thermal energy, microwave-powered, directed atomic oxygen beam run on
pure oxygen and in an RF plasma asher which was operated on air [4]. The substrate
was exposed to a Kapton effective AO flux of approximately 3.3 x 1015 atoms/(cm2
sec) in the directed atomic oxygen beam and a Kapton effective AO flux of 1 x 1016
atoms/(cm2 sec) in the RF plasma asher while simultaneously being exposed to the
arriving contaminants [4]. The test was continuously run for a week for each sample
set [4]. Table 2.1 shows a summary of the results from both test configurations [4].
The results of the directed AO beam test showed that increasing hydrocarbon conTable 2.1: RTV 560 and Tygon contamination testing in AO [4]
Test
Contaminant
AO Effective Transmittance Contaminant
Type
(mass g,
Fluence
Initial/ Final
Thickness
2
temp. °C)
atoms/cm
Angstroms
Directed
AO Beam

RF Plasma
Asher

RTV 560(10, 49)
+ Tygon(3, 24)

1.69x1021

0.926/ 0.922

4,197

RTV 560(10, 49)
+ Tygon(3, 49)

1.99x1021

0.926/ 0.859

1,897

RTV 560(10, -)
+ Tygon(3, -)

6.1x1021

0.926/ 0.84

14,000

RTV 560(40, -)
+ Tygon(12, -)

6.2x1021

0.926/ 0.89

2,000

RTV 560(21.5, -)

6.0x1021

0.926/ 0.85

12,200

+ Tygon(24.5, -)

tamination by raising the temperature of the Tygon resulted in a thinner film, but
with a greater transmittance loss [4]. Interestingly for the RF plasma asher config-

21

uration, the test with the biggest contaminant mass had the thinnest contamination
layer. No test cases were run for only silicone or only hydrocarbon contamination.
There is evidence from LDEF and EOIM-III to suggest that silicone will trap other
contaminants, specifically carbon, to a surface in an AO environment. This evidence
has prompted some ground-based analysis and experiments, but it has yet to be
definitively proven. Contamination on thermal and optical surfaces can change and
degrade the performance characteristic, and can cause a range of issues for spacecraft
instruments. If a contamination layer is fixed to a surface, some of the mechanisms
that can remove the contamination become ineffective.
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Chapter 3
APPARATUS DESCRIPTION

3.1

Atomic Oxygen Vacuum Chamber (MAX)

The atomic oxygen vacuum chamber operated by the Aerospace Engineering Department at California Polytechnic State University San Luis Obispo was used for this
experiment. The chamber, commonly referred to as MAX, was initially refurbished
by Max Glicklin from a retrofitted Veeco Model 747 deposition chamber [18]. A CCP
plasma asher system is used to simulate the atomic oxygen environment in LEO.
The system produces omnidirectional AO with energies between 0.04 - 0.1 eV, comparatively, on-orbit AO has directional velocities with energy around 4.5 eV. This
difference effects the shape of the surface erosion, but will still produce qualitatively
similar erosion levels [18]. An advantage of the CCP system is that it produces high
AO flux rates, allowing for accelerated materials testing. Figure 3.1 shows an image
of the system in operation.

Figure 3.1: Cal Poly’s atomic oxygen vacuum chamber in operation
23

Air in the chamber is dissociated between two parallel electrodes to generate the AO.
The top electrode is powered by an RF power generator and the bottom electrode is
grounded. The test samples sit in the 7.62 cm gap between the electrode plates. A
darkspace shield is used around the RF electrode to minimize secondary emissions
and concentrate the AO between the two plates. A general schematic of the CCP
system is shown in Figure 3.2 [18]. The RF power generator uses a Seren R301 MKII,
operated at 13.56 MHz. A Seren IPS AT3 matching network, designed to match
the power generator impedance load, is included to protect the system from reflected
RF power. These systems are controlled by adjusting variable capacitors in the AT3
matchbox using a Seren MC3 controller [18].

Figure 3.2: General schematic of a simple capacitively coupled system [18]

The vacuum chamber is composed of a 50 cm diameter by 32 cm tall pyrex cylinder,
and an Adixen ACP 28 mechanical pump by Pfeiffer Vacuum. A needle valve is
attached to the chamber to let in enough air to maintain the desired pressure and
generate atomic oxygen. The system was designed to operate at 175±10 mTorr in
order to maintain a stable plasma across the test section [18]. Inside the chamber, the
bottom electrode plate is where the samples are secured for testing. Figure 3.3 shows
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the original configuration for the parallel plates, with four circular cutouts (partially
pictured) for testing thin film samples [18]. Further modifications were made to the

Figure 3.3: Original plate configuration for MAX [18]
sample holder to accommodate three-dimensional samples as a part of Charles Ward’s
thesis [49]. An image of the plate design can be seen in Figure 3.4 with two rectangular
slots for holding the samples [49]. The dimensions of the rectangular slots are 4.5 cm
x 20.6 cm with a depth of 1.5 cm. In addition to what is shown in Figure 3.4, the
plate also has two small cutouts in the center region for witness samples, generally

Figure 3.4: Two-slot plate configuration for MAX, excluding slots for witness samples [49]
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Kapton. This allows for the fluence in the chamber to be calculated. To minimize
variation in AO fluence across samples, additional aluminum can be added to change
the depth of the slots, bringing the test samples flush with the witness samples. The
two-slot plate can also be used for testing a greater number of samples in one run
depending on the size of samples. The bottom assembly can be exchanged between
the original plate and the two-slot plate while keeping a constant distance between
the electrodes. A level is used when changing the bottom plate to ensure it is parallel
to the top electrode.
AO fluence levels were mapped for the two-slot plate. Thirty-two pieces of Kapton
HN were cut into 2 cm x 2 cm squares and arranged as two columns of eight in
each slot. This provided coverage over the majority of the test area on the plate.
The Kapton samples were tested in accordance with ASTM E2089. They underwent
48 hours in a vacuum of less than 200 mTorr and were then exposed to AO for 24
hours [1]. Mass measurements were taken with a VeriTas S-Series precision balance
after the 48- and 24-hour periods, measuring four samples at a time and keeping the
remainder under vacuum. This process allowed the samples to be weighed within
eight minutes of removal from vacuum, keeping close to the five minutes outlined
in the ASTM E2089 standard. AO fluence values were calculated for each Kapton
sample using Equation 3.1, with variables of change in mass ∆mk (g), exposed area
Ak (cm2 ), density ρk (g/cm3 ), and on-orbit erosion yield Ek (cm3 /atom) [1]. Erosion
yield of Kapton HN is known to be 2.81e-24 cm3 /atom [5].

Fk =

∆mk
Ak ρk Ek

(3.1)

The resulting fluence values calculated are shown in Figure 3.5. The first two columns
show the 16 samples arranged in the left slot, and the next two columns show those
in the right slot, with each box representing one sample in the associated position.
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The results of this map indicate that AO fluence in the chamber is higher towards
the center. This information motivates restricting the test samples to the center 10
cm lengthwise of the rectangular slots.

Figure 3.5: AO fluence map for two-slot plate

3.2

Fourier Transform Infrared Spectrometer

A Fourier transform infrared spectrometer was used to analyze contamination content on the substrate for this experiment. The FTIR in the Materials Engineering
Department at Cal Poly is a JASCO FT/IR - 4600 paired with an ATR PRO ONE for
sample measurement, where ATR stands for attenuated total reflectance. FTIR spectroscopy is used to identify the functional groups that make up a molecule, making it
ideal for sample identification, multilayer film characterization, and particle analysis
[25]. IR spectra is measured in units of wavenumber ṽ (cm−1 ). This value is used
because of its proportionality to energy E and frequency v, and inverse relationship
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to wavelength λ, shown in Equation 3.2 [25]. The relationships in Equation 3.2 are
derived from E = hv and v =

c
,
λ

where c is the speed of light and h is Planck’s

constant.
ṽ =

1
1
c
E= v=
h
c
λ

(3.2)

Functional groups each have an associated vibrational energy, corresponding to changes
in the dipole moments of molecules. IR light is used to induce these changes in the
dipole moment, by exciting the vibrational state as a molecule absorbs the IR photon, and a relaxation in the vibrational state upon emission [25]. Vibrational enq
ergy, and therefore wavenumber, are proportional to µk , where k is the bond spring
constant, and µ is reduced mass of the bonded atom. Reduced mass is given by
µ = m1 m2 /(m1 + m2 ) [9]. Using this relationship, it can been seen how changing the
bond spring constant and atom mass effect the wavenumber, with an example of these
changes shown in Table 3.1, adapted from [25]. More bonds results in a higher bond
Table 3.1: Relative Effect of Bond Spring Constant and Atom Mass [25]
Increasing k wavenumber cm−1 Increasing µ wavenumber cm−1
C-C
1,400
C-C
1,400
C=C
1,600
C-N
1,350
C≡C
2,200
C-O
1,300

spring constant, which consequentially increases the wavenumber. Alternatively, increasing µ, by increasing the mass of the bonded atom, causes a decrease in the
wavenumber. IR functional group charts exist that can be used for identification of
functional groups based on their wavenumber(s).
In order to obtain the IR spectrum for a sample, a light source, typically a broadband emitter, is sent through an interferometer. The interferometer consists of a
beamsplitter, fixed mirror, moving mirror, and timing laser. The light beam is split
into two paths, half going to each mirror. As the light is reflected back, it interacts
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constructively and destructively over the course of the moving mirrors path [25]. The
timing laser is used to determine the precise position of the moving mirror, based
on knowledge of the laser’s wavelength. The interferogram gives the signal versus
position from this interaction. The light beam is then directed through the sample
and into a detector, where the signal, perviously in the time domain, is converted to
the frequency domain using a Fast Fourier Transform. A schematic of this process
can be seen in Figure 3.6 [25]. There is a range of sampling methods for the FTIR,

Figure 3.6: General FTIR schematic [25]
including ATR, transmission, spectral reflectance, and diffuse reflectance. As stated
above, the FTIR in the Materials Engineering Department uses an ATR crystal. ATR
is a form of absorption spectroscopy, and is a preferred method because it requires
little to no sample preparation and is nondestructive to the sample [25]. As light
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passes through the ATR crystal, it is reflected internally in the sample and partially
absorbed, partially reflected back through the crystal. Additional passes between
the crystal and sample increases the path length and sensitivity of the measurement
[44]. The interaction of the sample and ATR crystal with the IR light can be seen
in Figure 3.7 [44]. The JASCO FT/IR - 4600 has a wavenumber range of 7,800 to

Figure 3.7: IR beam interaction with ATR crystal and sample [44]
350 cm−1 , with a theoretical accuracy of ±0.01 cm−1 [25]. The ATR crystal material
is diamond, giving it a penetration depth of 1.5 µm with some variability based on
sample material [24].

3.3

Desiccant Chamber (Junior)

A desiccant chamber was used for dehydration and holding samples in a vacuum comparable to the atomic oxygen vacuum chamber. The desiccator used, named Junior,
is a Kartell model DYNCR 243065 with a clear lid and diameter of approximately
239 mm. This chamber provides adequate space for holding control samples which
are not exposed to AO while the experiment is run on the test samples in MAX. A
schematic of the chamber and pump system is shown in Figure 3.8 [49]. The vacuum
is achieved by use of a two-stage rotary vane pump from Cacejen Vacuum operating
at 15.2 ft3 /min [28]. The configuration of the chamber and pump system that makes
up Junior is shown in Figure 3.9 [28]. The setup is contained on a portable cart.
This system has been shown to reach pressures below 150 mTorr near the pump, and
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Figure 3.8: Junior chamber schematic [49]
estimated to have a chamber pressure below 200 mTorr [49]. This pressure range
makes it comparable to the pressure used in MAX during AO exposure.

Figure 3.9: Junior and pump setup [28]
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3.4

Measurement Systems

Two types of balances were used for taking mass measurements. A VeriTas S-Series
precision balance was used for measuring the mass of the Kapton witness samples
before and after AO exposure. This mass difference was used in calculating the AO
fluence in MAX for each test. The readability of this balance is 0.001 g with a repeatability of 0.0005 g [28]. To decrease the error in the precision balance measurements,
the samples were weighed five times and the average mass was used. The other type
of balance used was a Mettler Toledo XS3DU Microbalance. The microbalance was
used for all measurements of the samples and contaminants. Because of the small
quantity of contaminant that was being added to the samples, a microbalance was
required. The XS3DU Microbalance has a readability of 10 µg with a repeatability of
5 µg at low loads and 6 µg at nominal loading. The microbalance has a load capacity
of 3.1 g with a low load defined as 0.2 g or less [31].
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Chapter 4
SAMPLE PREPARATION

4.1

Materials

The test materials for this research consisted of a substrate and two contaminants.
The substrate used was a 0.001” x 6” x 100” Aluminum shim with an alloy of
1100/1145. Aluminum is an easily accessible material which is commonly used on
spacecraft and has a relatively low absorbance in the IR region. A silica substrate
was initially considered because it is representative of lenses on spacecraft instruments, however the spectra of silica contains many intense peaks in the region of
interest. Having a low absorbance for IR was important as to not mask the contaminant’s spectrum, so aluminum was selected. A thin material was beneficial when
using the FTIR because it allowed for good contact between the sample and ATR
crystal.
One of the contaminating substances was RTV-S 691 Silicone Rubber from Wacker
Chemical Corporation, provided by NASA’s Jet Propulsion Laboratory (JPL). This
silicone was selected because it is a space grade silicone actively used on spacecraft
for applications such as bonding for solar cells, making it a good representation of the
type of silicone contamination seen on-orbit [48]. RTV-S 691 is a dual-part addition
curing silicone rubber that is red in color. The sample, shown in Figure 4.1 (a),
had been cured prior in accordance with the manufacturing instructions [48]. While
the specific molecular structure of the silicone is proprietary to the company, some
general information can be understood about the sample. The backbone of RTV-S
691 is an alternating silicon-oxygen chain with lateral hydrocarbon groups of varying
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(a) RTV-S 691 Silicone Rubber
coupon

(b) Braycote 601EF Grease coupon

Figure 4.1: Contamination materials
molecular structure. Silicone oil was also considered for the contaminant but was
rejected because it was not allowed in the FTIR.
The other contamination material was Braycote 601EF High Vacuum Grease from
Castrol, also provided by JPL. Braycote is a carbon-based grease, approved for use
in space applications. Such uses include in gears, ball and roller bearings, electrical
contacts, and “O” rings [7]. This material was selected for the carbon-based contaminant because of its space applications. The coupon of Braycote 601EF provided
by JPL is shown in Figure 4.1 (b), with a white, more viscous apperance. Braycote
601EF is a perfluorinated polyether (PFPE) based oil with a polytetrafluoroethylene
(PTFE) thickener. The primary atoms present in Braycote 601EF include, carbon,
fluorine, oxygen, and hydrogen [7].

4.2

Contamination Methodology

Three methods were considered for contaminating the substrate with the RTV silicone
and Braycote. The first method considered was to outgas the contaminant directly to
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the substrate in a vacuum chamber given outgassing is the mechanism for molecular
contamination on orbit. One obstacle was that the substrate would ideally be cooled
to a lower temperature than the outgassing source to collect the maximum variety
of impinging species [17]. The chamber that would be used for outgassing did not
have the capability to cool a sample, so would have required an additional design to
achieve this. This chamber was also in high demand for a Cal Poly class during the
bulk of the testing period. Ultimately it was decided that this method presented too
many challenges to be a viable contamination process.
The next method considered was to press contaminate the samples. This involved
using contact to transfer the contaminants to the substrate. Because of the viscous
nature of Braycote, simply pressing the substrate to the coupon of Braycote did not
leave a homogenous film on the surface. Additionally it resulted in a higher quantity
of the contaminant on the surface than was reasonably achievable with the cured
silicone. Press contaminating the sample with RTV silicone did not result in any
notable mass gain to the substrate. Because of the extreme differences in mass that
were seen between the two contaminants when using contact transfer, this method
was determined to be ineffective.
The final method considered, which was selected for this experiment, was to make a
solution of each contaminant in a solvent. Each solution, depending on the desired
contamination configuration, was then deposited on the substrate, allowing the solvent to evaporate away, leaving a near homogenous layer of the contaminant on the
surface. Two solvents were experimented with in a preliminary test, namely acetone
and Vertrel XF, where RTV silicone was left to dissolve in each solvent. It was found
that the acetone solution had evaporated in that time. Alternatively, Vertrel XF
produced by the Chemours Company, was successful in creating a silicone solution.
Vertrel is a hydrofluorocarbon fluid with the intended use of vapor degreasing equip-
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ment for cleaning, rinsing, and drying [8]. It has limited solvency for hydrocarbon
oils, silicone oils, waxes, and greases [8]. Because of these properties and its relative
ease of handling compared to harsher chemicals with higher solvency, Vertrel was
selected. When creating the contaminant solution, it was visually observed that the
Braycote more readily dissolved in Vertrel, creating a cloudy white solution with increased opacity. The RTV silicone did not visually distort the Vertrel or dissolve upon
first inspection. Further examination with the FTIR of an aluminum sample contaminated with a silicone solution that had been left to dissolve for four hours, showed
evidence of the RTV silicone on the sample. This indicated that this contamination
method was successful in depositing the desired contaminants on the substrate.
Samples were contaminated in three primary configurations, first with only Braycote
contaminating the substrate, next with only RTV silicone contaminating the substrate, and finally with both RTV silicone and Braycote contaminating the substrate.
For an experiment in the Braycote only configuration, 2 mL of Vertrel was placed in
a glass container with approximately 4-6 mg Braycote 601EF. This mixture was agitated until it formed a cloudy solution with no clumps of Braycote, as seen in Figure
4.2 (a). Starting with a clean 1 cm x 1 cm square of aluminum shim, the Braycote solution was deposited on the surface using a pipette. In an attempt to create consistent
contamination levels, all of the solution was equally distributed between the samples.
To achieve this, each sample was covered with the solution around four times, letting
the Vertrel evaporate between each time. Because the substrate was flat aluminum
shim, some samples experienced the solution running off the edge if too much solution
was added. In this case, the Vertrel was allowed to evaporate and the solution was
reapplied. The final samples showed visible contamination, with some concentrated
deposits as seen in Figure 4.2 (c). Although these deposits showed the samples to not
be homogeneous, testing a region with no deposits in the FTIR found there was still
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(a) Braycote 601EF Solution

(b) RTV-S 691 Silicone Solution

(c) Braycote Contaminated Sample

(d) RTV Silicone Contaminated Sample

Figure 4.2: Contaminant solution and contaminated aluminum shim
Braycote contaminating the surface. The mass of each sample was taken before and
after contamination using the Mettler Toledo XS3DU Microbalance.
The process for contaminating RTV silicone only samples was the same as with the
Braycote samples, using the silicone solution instead. The silicone solution, shown in
Figure 4.2 (b), was created by adding three pieces of RTV-S 691, with a total mass of
approximately 40-60 mg, in 2 mL of Vertrel. This solution was agitated for a period
of 15 minutes to increase the rate of dissolution, then left to passively dissolve for a
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minimum of four hours. Not all of the silicone was dissolved in the solution. The
contaminated samples, shown in Figure 4.2 (d), did not exhibit the same deposits
seen on the Braycote samples.
The method to contaminate samples with both Braycote and RTV silicone, referred
to as hybrid samples, was to first pipette the Braycote solution equally on the samples, allowing the Vertrel to evaporate, then repeating the process with the silicone
solution. The solutions were made following the same procedures as described for the
other configurations. The mass of each sample was measured before and after adding
each contaminant. The other method attempted used a solution with both contaminants together. Comparing the spectral results of these two methods, there was no
notable difference. This indicated that both contaminants were on the substrate for
each configuration. The method of applying one contaminant at a time was selected
because it gave more knowledge of the mass contribution from each contaminant.
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Chapter 5
EXPERIMENTAL TESTING

5.1

Test Methodology

Each test that was conducted included two witness samples, two control samples,
and six test samples. The witness samples were tested following the standard set in
ASTM E2089, using the material Kapton HN [1]. The witness samples underwent
a dehydration and outgassing period of 48 hours in the desiccant chamber, Junior,
where the samples were held below 200 mTorr. The two smaller slots along the center
line, in Figure 5.1, show where the witness samples were held during AO exposure.
The mass of the Kapton was taken before and after exposure to AO, within five
minutes of being removed from vacuum, using the VeriTas S-Series precision balance.
These values were used in calculating the AO fluence in the AO vacuum chamber.

Figure 5.1: Test and witness sample holding plate in MAX
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An overview of the test methodology, showing a breakdown of the procedure for
each sample set, can be seen in Figure 5.2. The six samples for a test were all
contaminated in the same configuration, as described in Chapter 5. After the test
samples were contaminated, with mass prior to AO exposure recorded, they were
placed contamination side up in the AO vacuum chamber, MAX, as seen in Figure
5.1. The samples were kept close to the center of the chamber within the testing
slots as was determined by the AO fluence mapping. The chamber was kept at
175±10 mTorr with the atomic oxygen on for 24 hours. After the 24-hour period,

Figure 5.2: Test methodology
the mass of the samples was measured using the microbalance. The samples were
stored in an airtight container until they could be examined with the FTIR. Each of
the control samples was tested following the same procedure as the test samples with
one key difference. For the AO control, the sample was kept clean of contaminants to
measure the effect of atomic oxygen on the substrate. The contaminated control was
not exposed to AO, rather it was held in Junior while the other samples were exposed
to AO. The contaminated control was used to understand the effect of the vacuum
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environment on the contamination film. Each of the control samples were isolated in
small clean plastic bags within the airtight container to minimize the chance of cross
contamination between samples.
Because of scheduling constraints with the apparatus, the time between finishing
the AO test and examining the samples with FTIR ranged from a day to a week.
The main concern with samples being removed from vacuum is absorption of water
vapor as the samples are exposed to ambient conditions, also known as hydration.
Hydration is unlikely to mask the contaminants remaining on the samples, which can
be seen from the contaminated control samples. FTIR results showed the expected
contaminants on the samples even after exposure to ambient conditions. The time
gap was deemed acceptable because there was no feasible way to examine the samples
immediately and hydration occurs quickly after removal from vacuum [1]. Because
the contaminants were not masked by hydration, the samples which were left for a
week should be comparable to those left for a day.
To perform the FTIR analysis, a background measurement was taken first, then each
of the test and control samples were measured. The ATR crystal was cleaned using
acetone before each measurement to ensure no cross contamination. Acetone was
found to be an effective cleaner by comparing the IR spectrum of a clean coupon of
aluminum shim before and after measuring a piece of RTV-S 691 silicone, cleaning
with acetone between each measurement. This was repeated with a small quantity of
Braycote 601EF. Each test showed no difference in the before and after spectrum for
the clean shim. One measurement was taken for each test and control sample. The
samples were secured with the contaminated side firmly pressed to the ATR crystal.
The contaminated control sample was measured last as an extra precaution against
cross contamination. A clean coupon of aluminum, not exposed to AO, was measured
before and after all of the samples and controls to ensure that no contamination was
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left on the equipment. No testing in the FTIR was done to confirm there was no
Vertrel remaining on the samples from the contamination process. The majority of
the Vertrel was seen to evaporate within two minutes of being deposited on the samples and any remaining Vertrel was assumed to be removed from exposure to vacuum.
A selection of samples were also measured using an SEM. The objective was to characterize the surface morphology to visually compare the contaminants remaining in
different test configurations. However, no useful information was obtained, and thus
was omitted from this report.

5.2

Tests Performed

The tests performed for this experiment included two tests in the Braycote configuration, three tests in the RTV silicone configuration, and three tests in the hybrid
configuration. The first RTV silicone test was only exposed to AO for approximately
17 hours due to challenges with the AO vacuum chamber, prompting a third test to
be performed. The second hybrid test was contaminated with less silicone because
the silicone solution was less concentrated due to a shorter dissolution period. To
have more comparable results, a third hybrid test was performed. These differences
were considered in the analysis of the samples. Three additional tests were conducted
to characterize the effect of adding more RTV silicone to the samples. The additional
test are referred to as increased silicone tests in the results. All of the tests performed
in this experiment are included in Table 5.2 at the end of this section.
Table 5.1 shows the AO fluence values calculated for each test. The AO fluence was
calculated using the Kapton witness samples and Equation 3.1 described in Chapter
3. The area of the witness samples was calculated using the open-source software
ImageJ. The calculation for the error on the fluence values is described in Chapter 6
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using Equation An equivalent on-orbit time can be found by comparing the calculated
fluence values to those on Materials International Space Station Experiment (MISSE).
6.6.

This method for approximating the on-orbit time is used to compare between

Table 5.1: Calculated Atomic Oxygen Fluence for All Tests
Test
AO Fluence (atoms/cm2 ) AO Flux (atoms/cm2 /s)
Witness Sample 1
Witness Sample 1
∗
20
RTV Test 1
5.00±0.54 x10
8.17±0.88 x1015
RTV Test 2
1.30±0.13 x1021
1.50±0.15 x1016
RTV Test 3
1.30±0.13 x1021
1.50±0.15 x1016
Braycote Test 1
1.26±0.13 x1021
1.45±0.15 x1016
Braycote Test 2
1.26±0.13 x1021
1.45±0.15 x1016
Hybrid Test 1
1.28±0.13 x1021
1.48±0.15 x1016
Hybrid Test 2
1.34±0.14 x1021
1.55±0.16 x1016
Hybrid Test 3
1.13±0.12 x1021
1.31±0.14 x1016
Increased Silicone Test 1
1.05±0.11 x1021
1.22±0.13 x1016
Increased Silicone Test 2
1.14±0.12 x1021
1.32±0.14 x1016
Increased Silicone Test 3
1.00±0.10 x1021
1.16±0.12 x1016
∗ Test

was exposed to AO for approx. 7 hours less than the other tests

ground-based AO facilities. Total AO fluence values were recorded on MISSE for one
year periods from 2004 to 2016, mapping the AO fluence over the course of a solar
cycle, shown in figure 5.3 [2]. These values were taken in ram direction for a circular
orbit at 400 km with a 28.5 degree inclination, averaging around 2.0x1021 atoms/cm2
[2]. Using this information, the equivalent flight exposure time for a 24-hour test is 4
to 6 months assuming an average year on MISSE’s orbit.
The increased silicone samples were achieved by creating more concentrated solutions
of silicone. This was done by using longer passive periods, given that the silicone
continued to dissolve in the Vertrel as evidenced by the increased intensity of the associated spectral peaks on the contaminated control samples. The times were selected
by approximately doubling the passive periods for each increased silicone test. The
first increased silicone test included one AO control sample, three contaminated con43

Figure 5.3: MISSE atomic oxygen fluence per year during a solar cycle [2]
trol samples, and six test samples. The contaminated controls were each associated
with two test samples, to create three sets. A diagram of the samples and contamination configuration for each set is included in Figure 5.4. All sets received the same
quantity of Braycote as previously used, with each set receiving slightly more RTV
silicone than the last. Ten pieces, totaling 0.35964 g, of RTV silicone were dissolved
in 8 mL of Vertrel for an agitation period of 15 minutes and a passive period of 4
days and 19 hours. For each set, the silicone quantity was increased by upping the
number of times each sample was covered with the solution, from 4 to 8 to 16. The
distribution of the silicone solution was thus approximately 14% distributed between
the first set of samples, 28% between the next set, and 57% between the final set.
The second increased silicone tests consisted of one AO control, one contaminated
control, one test sample with just RTV silicone, and six test samples with both
RTV and Braycote. The hybrid samples were contaminated with Braycote, as done
previously, and with an equal quantity of RTV silicone, increased from previous tests.
The contaminated control was in the same configuration as the six hybrid samples.
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Figure 5.4: Increased silicone test 1 sample sets
The silicone solution was made from 30 pieces of RTV silicone with a total mass of
0.56107 g in 8 mL of Vertrel. The solution had an agitiation period of 15 minutes
and a passive period of 9 days and 7 hours. The sample with just RTV silicone was
contaminated with an amount of the silicone solution equal to that on every other
test sample. The final increased silicone test was conducted in the same manner as
the second. The only difference being the silicone solution used contained 0.55652 g
RTV for the 8 mL of Vertrel, and the passive dissolution period was increased to 16
days and 4.5 hours.
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Table 5.2: Configuration for All Tests Performed
Test
Contaminant
Passive
Control
# Test
Solution
Dissolution
Samples
Samples
(mg, mL)
Period
Silicone Contamination Configuration (RTV)
Test 1∗
48.63 RTV + 2 Vertrel
4.5 hrs
1 AO Control
6
1 C. Control
Test 2
64.86 RTV + 2 Vertrel
6 hrs
1 AO Control
6
1 C. Control
Test 3
47.37 RTV + 2 Vertrel
5 hrs
1 AO Control
6
1 C. Control
Carbon-Based Contamination Configuration (Braycote)
Test 1 5.89 Braycote + 2 Vertrel
1 AO Control
6
1 C. Control
Test 2 6.12 Braycote + 2 Vertrel
1 AO Control
6
1 C. Control
Hybrid Contamination Configuration (RTV + Braycote)
Test 1
46.67 RTV + 2 Vertrel
4 hrs
1 AO Control
6
2.70 Braycote + 2 Vertrel
1 C. Control
Test 2
35.62 RTV + 2 Vertrel
2 hrs
1 AO Control
6
4.18 Braycote + 2 Vertrel
1 C. Control
Test 3
41.12 RTV + 2 Vertrel
5 hrs
1 AO Control
6
4.28 Braycote + 2 Vertrel
1 C. Control
Increased Silicone Contamination Configuration (RTV + Braycote)
Test 1
359.64 RTV+ 8 Vertrel
4.79 days 1 AO Control 6 Hybrid
5.07 Braycote + 2 Vertrel
3 C. Control
Test 2
561.07 RTV+ 8 Vertrel
9.29 days 1 AO Control 6 Hybrid
6.20 Braycote + 2 Vertrel
1 C. Control
1 RTV
Test 3
556.52 RTV+ 8 Vertrel
16.19 days 1 AO Control 6 Hybrid
5.52 Braycote + 2 Vertrel
1 C. Control
1 RTV
∗ Test

was exposed to AO for 7 hours less than the other tests
C. Control = Contaminated Control
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Chapter 6
ANALYSIS

6.1

Spectral Manipulation

When manipulating FTIR spectral results, it is important to ensure the validity of the
results remains intact. The two types of spectral manipulation that were performed
on the results in this thesis are baseline correction and spectral subtraction. Baseline
corrections are used to adjust a spectrum to have a flat baseline. The baseline of
a spectrum might be slanted or curved because of sample scattering, background
interference, and instrument drift [40]. Figure 6.1 shows a spectrum with an initial
baseline slope, and the spectrum repeated after a baseline correction. The first step
in performing a baseline correction is to fit a function that matches the curve of the
baseline. The function used is dependent on the spectrum being considered. For
the correction performed in Figure 6.1, the function used was the linear equation

Figure 6.1: Example of a spectrum with a baseline slope (top) and the
spectrum after baseline correction (bottom)
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y = −1.5x10−5 ∗ x + 0.243. This slope was found by approximating the baseline
to be linear, and finding the ∆y/∆x over a linear region of the spectrum. The yintercept was found by extrapolating where the slope would cross the y-axis to give an
absorbance of 0.183 at the wavenumber 4000 cm−1 . The next step is to subtract the
generated function from the spectrum to obtain results with no slope that intercepts
the y-axis at zero [40]. If the baseline correction is preformed incorrectly, noise in the
spectrum might appear as a real peak in the manipulated data. The peaks might also
appear morphed from the original data, with differences in absorbance and artificial
slopes introduced. It is important to confirm that the peaks in the spectrum are
consistent with what they were prior to the correction.
Spectral subtraction is used to remove the contributions of a known component from
a mixture. The spectrum of a mixture is approximately the sum of its components as
described by the Beer-Lambert law (or Beer’s law). Beer’s Law relates light absorbed
in a substance to the properties of that material. It is given by Equation 6.1, with 
as molar absorptivity and b as length of light path [40].

A = bC

(6.1)

Spectral subtraction assumes Beer’s law to be valid for all spectra used, giving a
linear relationship between absorbance A and concentration C. This is considered a
good assumption for absorbance below 0.8 % [40]. For spectral subtraction the spectra
must be in units linearly proportional to concentration, as is the case with absorbance.
This relationship does not hold true for spectra measured in transmittance [40]. The
spectrum that is being subtracted out of the mixture is referred to as the reference and
the mixture spectrum is referred to as the sample. Spectral subtraction is performed
by subtracting the reference absorbance from the sample absorbance at each data
point. The reference is therefore uniformly subtracted to avoid selectively leaving
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peaks from the reference in the sample spectrum. Because the percent absorbance
might vary between the reference and the sample due to a difference in concentration,
a multiplication factor can be used to adjust the absorbance of the reference. The
multiplication factor is referred to as the subtraction factor, and is used as shown in
Equation 6.2 [40].

Result = (Sample) − (Subtraction F actor) ∗ (Ref erence)

(6.2)

For the best results, a sample and reference spectra should have similar absorbance
values, making the subtraction factor close to one [40]. To accurately perform the
subtraction, common peaks or band should be identified between the sample and
reference. Figure 6.2 shows a spectral subtraction with the common bands identified
by red vertical lines on the plot. The result should show the sample spectrum void of

Figure 6.2: Example of a spectral subtraction with common bands at the
red vertical lines
peaks from the reference. If possible, it is best to use a common band coming from
the reference material. Once the common band is selected, the reference spectrum
can be subtracted as stated in Equation 6.2, adjusting the subtraction factor until
the common band is removed. If multiple peaks in the sample are coming from
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the reference, watching the effect of the subtraction factor on all of those peaks is
recommended. Watching multiple peaks will aid in recognizing when one peak is
common in both components of the mixture, and thus should not be removed by the
spectral subtraction. Improper spectral subtraction can be seen when the result still
has peaks from the reference or when downward pointing peaks appear. The first
issue is a result of a too small subtraction factor and the latter is a result of the
subtraction factor being too big.

6.2

Peak Analysis

The primary benefit of FTIR spectroscopy is the ability to characterize molecules.
The IR spectrum correlates to the vibrational states of a molecule. The spectrum of
vibrational states is considered a unique characteristic of a molecule [9]. Characterizing molecules can be done by using a reference spectrum of a known material or
through identification of specific functional groups and vibrational states. Functional
groups can be determined using lookup charts which give wavenumber and peak characteristics for known functional groups. A combination of these analytical methods
was used in this research. A general description of the theory behind the IR spectrum
is provided to give insight into the mechanics of molecular structures and how that
is used for identification, specifically looking at factors determining peak position,
intensity, and shape.
Peak position correlates to the vibration of a set of chemical bonds within a molecule.
These bonds vibrate at a specific frequency, represented as wavenumber in the IR
spectrum. The fundamental frequencies are described by Equation 6.3 [9]:
1
v=
2πc
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s

k
µ

(6.3)

This equation describes the proportionality between the vibrational frequency v, bond
spring constant k, and the reduced mass µ which describes the difference in the
mass of the bonded atoms. The term in front of the square root is a constant,
with c as the speed of light. Equation 6.3 provides a good representation for the
fundamental frequency, which is related to the energy required to get to the first
vibrational quantum level [9]. The relationship between frequency and bond strength
can be used to understand how wavenumber increases for a higher bond strength.
For example the wavenumber for a C=C bond, where the double line represents a
double bond, is 1,600 cm−1 and for a C≡C (triple) bond the wavenumber increases to
2,200 cm−1 [25]. Comparatively, the wavenumber decreases as the difference in mass
between the bonded atoms increases, from 1,400 cm−1 for C-C to 1,350 cm−1 for
C-N [25]. The overall molecular structure can also effect the vibration, and therefore
wavenumber of a bond. For example, the C-C-O bond in a primary saturated alcohol
occurs from 1075 to 1000 cm−1 , whereas in a secondary saturated alcohol it occurs
between 1150 to 1075 cm−1 [39].
Vibrations occur as stretching or bending, with each form of vibration occurring at
a different frequency related to the energy it requires. Energy E can be related to
frequency v by Equation 6.4, where h is Planck’s constant:

E = hv

(6.4)

Using this relationship, it can be understood why stretching occurs at a higher frequency, and thus wavenumber, than bending. The energy required to change the
relative distance between atoms is greater than the energy required to cause a bending motion about a local center [9]. This can be observed for hydrocarbon vibrations,
where simple C-H stretching occurs between 3,000 to 2,800 cm−1 and the corresponding simple bending typically occurs between 1,500 to 1,300 cm−1 [39]. The different
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vibrational modes can be seen in Figure 6.3 [22]. There are slight energy differences
between the vibrational modes in each category, for stretching, in plane bending, and
out of plane bending. Minor differences in the molecular structure can affect the

Figure 6.3: Possible vibrational modes for molecules [22]
location of peaks. In many instances functional groups are associated with a range
of wavenumbers, which can be found in lookup charts.
The relative intensity of a peak also is an important characteristic as absorbance
is linearly proportional to the number of times a functional group occurs in the
molecule. This relationship comes from Beer’s law which linearly relates absorbance
to concentration [40]. For pure samples the peak intensities, representative of the
different functional groups in the sample, give insight into the predominate bonds
and therefore structures of the molecule, which can be useful for identification [39].
For mixed samples, the intensity might differ based on the concentration of each
component, as a mixed sample spectrum is the sum of its components. If there are
peaks corresponding to both components in a mixture, the relative intensity of one
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peak to another might differ from what was seen in the pure sample. The change in
relative intensities can be helpful in identifying when peaks exist in both components
of the mixture. Additionally, if the concentration of one component only makes up
1% of the mixture, the peaks from that component will be far less intense than the
other component. The same line of thought follows for mixtures of more than two
components, with increased complexity in prescribing peaks.
Peak shape is another important characteristic in identifying functional groups. Peak
shape includes the variations in peak width and overlapping peaks. Peak widths differ between functional groups, and can help in differentiating between them. Peak
width is related to the interaction between neighboring molecules. For example, water
molecules form weak chemical bonds with other water molecules, causing intermolecular interaction [39]. Strong intermolecular interactions give rise to wide peaks, as
can be seen for peak A in Figure 6.4 corresponding to O-H. Weak interactions, where
there is little activity between molecules, causes narrow peaks, as shown with peak
B in Figure 6.4. Overlapping peaks can also affect the appreance. If two peaks arise

Figure 6.4: Example IR spectrum showing differences in peak shape
at close wavenumbers, a peak might appear wider, or a shoulder might occur. An
example of a shoulder can be seen in Figure 6.4, on the left side of peak C, around
0.5 % absorbance.
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6.3

Error Analysis

The error calculation for AO fluence was performed using the uncertainty on a function of several variables, shown in Equation 6.5 [43]. This equation uses the uncertainties of all variables used in calculating function q, where

∂q
δx
∂x

is the uncertainty

in q from variable x.
δq = ((

∂q
∂q
δx)2 + ... + ( δz)2 )1/2
∂x
∂z

(6.5)

To calculate the AO fluence Fk (∆mk , Ak , ρk , Ek ) given in Equation 3.1, the uncertainty of all variables was needed. The uncertainty on the constants erosion yield and
density were determined based on the number of significant figures given. The uncertainty used for erosion yield was 1x10−26 cm3 /atom and for density was 0.001g/cm3 .
The mass loss uncertainty was determined using the repeatability of the instrument
(0.0005g), in this case the VeriTas S-Series precision balance. The exposed area of the
Katpon witness samples was found using the software ImageJ. The uncertainty of this
has previously been approximated as 10% of the calculated area, due to shadows and
reflections limiting the area analysis [28]. Calculating the partial derivatives of Fk
with respect to each variable and using the formula in Equation 6.5, gives Equation
6.6.

δFk = ((

Fk
Fk
Fk
1
δ∆mk )2 + (− δAk )2 + (− δρk )2 + (− δEk )2 )1/2
Ak ρk Ek
Ak
ρk
Ek

(6.6)

In order to show the variability of spectral measurements over one type of data set,
error bars were included on important peaks. The error bars represent the sample
standard deviation. The standard deviation, σx , was calculated using Equation 6.7
[43]:
r
σx =

1 X
xi − x2
N −1
54

(6.7)

where N is the number of measurements, xi is the the ith measured value, and x is
the mean value. The measurements included for analysis at each peak consist of the
absorbance value at a given wavenumber for all spectra which follow the trend. Outliers were excluded, and discussed independently. The uncertainty for wavenumbers
is given as the mean plus or minus the biggest deviation. The standard deviation of
the mean, or the standard error, was used for the uncertainty on mass values. The
mean mass value of a set is reported with the standard error. Standard deviation of
the mean, σx , was calculated using Equation 6.8[43].
σx
σx = √
N
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(6.8)

Chapter 7
RESULTS

7.1

Spectral Manipulation

During testing with FTIR spectroscopy, it was observed that unexpected peaks were
appearing in the results. The peaks were present in the same form on tests of different
materials which indicated the peaks were coming from contamination or background.
It was observed that the peaks were present in the results after acetone was used for
cleaning the FTIR. The spectrum of acetone, shown in Figure 7.1, can be compared to
the reference spectrum in Figure 7.2. One of the features used in identifying acetone

Figure 7.1: FTIR spectrum of acetone [39]
is the C-C-C stretch which appears as a peak in the 1230 to 1100 cm−1 range [39].
This is seen at 1222 cm−1 , denoted as B, in Figure 7.1 and at 1216 cm−1 in Figure
7.2. Both spectra also have a C=O stretch, one occuring at 1716 cm−1 and the other
at 1738 cm−1 . The presence of a C=O and C-C-C bond is a good indicator of acetone
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[39]. This was also indicated experimentally, given the peaks appeared after acetone
use. Obtaining the starting background measurement after cleaning with acetone was
unsuccessful in removing these peaks. Because acetone was needed for cleaning the
FTIR between samples, it was investigated if these peaks could easily be subtracted.
The spectral subtraction is shown in Figure 7.2. The reference spectrum was obtained

Figure 7.2: FTIR background spectral subtraction for clean aluminum
shim
first, cleaning the ATR crystal with acetone and running the instrument without a
sample. Then the sample was positioned in the instrument and another measurement
was taken. Using spectral subtraction, the result was obtained. The result does
not have any peaks remaining from the reference, which suggests this method was
sufficient at removing the background.
To confirm the measured background was being subtracted accurately from all tested
samples, the test procedure was modified to obtain the reference before each sample
measurement. The reference taken prior to the sample was subtracted for all spectra
presented in the remainder of the results. As an additional verification that the
background was not interfering with the results, and to confirm there was no cross
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contamination, a clean coupon of aluminum shim was tested before the first and after
the last sample in the set being analyzed. This confirmation was performed for each
session on the FTIR. An example of the shim at the start and end of testing is shown
in Figure 7.3. The spectra was offset from zero by ±0.01 so the individual spectra

Figure 7.3: Clean aluminum shim at the start (bottom) and end (top) of
FTIR testing
could be observed. Because the spectra of the clean shim is consistent between the
tests, it was concluded that there was no cross contamination occurring from contact
with the FTIR. Figure 7.3 also shows the features that were seen for all samples. The
first feature is the noise and slight peak between 2200 to 2000 cm−1 . This artifact
was observed on all FTIR results and was concluded to be a feature of the aluminum
shim used. For that reason, this feature is ignored in the analysis. The other feature,
also from the aluminum shim, that was repeated throughout the spectral results is
the noise from 550 to 400 cm−1 . This feature was also ignored in the analysis as no
valuable information was gained from it.
The other spectral manipulation that was performed was baseline corrections. The
baseline correction was used to improve the ability to compare results. A consistent
baseline made observing differences in peak intensity and peak shape more clear.
An example of this can be seen in Figure 7.4, for a set of AO control samples. The
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Figure 7.4: Baseline correction for comparison of AO control samples
dashed black line spectrum shows an AO control sample (control 1) prior to a baseline
correction and the solid black line shows the same control sample after the baseline
correction. Control 1 is being compared to a different AO control sample (control 2)
shown in red. The purpose of this example is to show how it is simpler to compare
control 1 to control 2 after the baseline correction. The intensity of a peak is relative
to its baseline, so obtaining a consistent baseline is important in comparing intensity.
Additionally, differences in peak shape can more clearly be observed for peaks with
the same baseline. The spectra shown in the remaining results sections have all
undergone a baseline correction in addition to the background spectral subtraction.

7.2

Spectral Results

This section gives an analysis of the spectral results obtained from the FTIR. The
control samples are first analyzed to confirm the samples were contaminated accurately for the three configurations. They are then analyzed to examine the extent
Braycote 601EF and RTV-S 691 silicone experienced molecular changes from interaction with the Vertrel XF. The AO control samples are analyzed for consistency of
the results and to understand the effect of atomic oxygen on the aluminum shim.
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The test sample spectral results are then considered for each test configuration, identifying the tends of how AO effects the different contaminants. Finally, comparing
the result from samples with only silicone and only carbon-based contamination to
the samples with both contaminants, identifying differences in the spectra. Peaks
corresponding to Braycote on the hybrid samples are considered to look for evidence
of trapped contamination. If Braycote peaks exist on the hybrid samples which do
not on the Braycote only samples, it is good evidence to suggest the contaminant is
being trapped to the surface by silica. Because of the volume obtained, not all results
are shown. Spectra not shown in this section can be found in appendix A.

7.2.1

Control Sample Results

Contaminated Control Results
Spectra was obtained for both RTV-S 691 and samples contaminated with the RTV
silicone. A piece of RTV-S 691 was placed directly in the FTIR to set a normal
spectrum for comparison. The results are shown in Figure 7.5 with a break from
wavenumber 2700 to 1700 cm−1 to show the peaks in more detail. The removed

Figure 7.5: FTIR spectrum of RTV-S 691
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region had no peaks in the normal RTV or in the RTV contamination sample, seen
in Figure 7.6. The contaminated control sample from the third RTV test was used
for the comparison. The other RTV contaminated control samples showed nearly
identical peaks with slight variations in intensity. The difference in intensity is due
to a difference in film thickness likely because of minor differences in the silicone
quantity between samples. Peaks were identified for both spectra as labeled on the

Figure 7.6: FTIR spectrum of RTV-S 691 contaminated control
figures. The important molecular characteristics of silicone are an Si-O-Si backbone
with organic functional groups, typically made up of carbon and hydrogen atoms,
attached to the silicon atoms. The group wavenumbers for these bonds can be seen
in Table 7.1. Looking at figures 7.5 and 7.6, it can be seen that both spectra contain
the Si-O-Si bond, occurring at 1063/1006 cm−1 and 1102/1028 cm−1 , respectively.
The normal RTV shows the presence of a methyl group with the intense peak at 1258
cm−1 and the C-H stretching at 2962 cm−1 , and an O-H alcohol function group at
3357 cm−1 . The contamination RTV also appears to have methyl groups, but in a
slightly different configuration, with the intense 1262 and 807 cm−1 peaks and the CH stretching at 2962/2920/2850 cm−1 . There does not seem to be a strong presence of
O-H bonds on the contamination RTV, which is likely a property of being dissolved in
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Table 7.1: The Group Wavenumbers of Silicone
Functional Group
Wavenumber Range
Features
−1
(cm )
Si-O-Si, Asymmetric stretch
1130 - 1000
one to two intense bands
Si-CH3
1260±5
Si(CH3 )2
1260±5, 800±10
C-H, stretching
3000 - 2840
O-H, stretching
3550 - 3200
wide
Information obtained from references [39, 37]

Vertrel. Although there was a slight change in the functional groups attached to the
Si-O backbone, it can still be concluded that the RTV contaminated control samples
did have a silicone film.
A measurement of the Braycote 601EF was also obtained in its normal form to compare to the Braycote contaminated sample. The normal Braycote spectrum can be
seen in Figure 7.7, with a break from 2600 to 1500 cm−1 , where no peaks appeared
on either sample. The Braycote contaminated control sample from test 1, shown in

Figure 7.7: FTIR spectrum of Braycote 601EF
Figure 7.8, was used for this comparison, with the test 2 control having near identical
peaks. Because less was found about the general structure of Braycote, the normal
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Figure 7.8: FTIR spectrum of Braycote 601EF contaminated control
spectrum was used as a reference to determine if Braycote was present on the contaminated control. All peaks on the contamination Braycote are within ±5 cm−1 of
the associated ones seen on the normal Braycote with the exception of the peaks at
1201, 1093, and 522 cm−1 . There is also the additional C-H stretching which is only
seen on the contamination Braycote. Given the knowledge that Braycote has a PTFE
thickener, which is a fluorocarbon-based polymer, intense peaks should correlate to a
carbon fluorine bond [39]. C-F stretching appears as two strong peaks between 1400
and 1000 cm−1 with a bending vibration peak around 650 cm−1 , which is observed
for both spectra [39, 37]. The slight variation of peaks within this region is likely due
to the Braycote having been dissolved in Vertrel. These changes are not a cause for
concern as the contaminated control still has peaks corresponding to the functional
groups that make up Braycote.
The hybrid contaminated control configuration, containing both Braycote and RTV
silicone contamination, was analyzed for the presence of both Braycote and RTV on
the sample. Figure 7.9 shows the spectra of a hybrid, Braycote, and RTV contaminated control, excluding the region were no peaks were present. From visual inspec-
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Figure 7.9: FTIR spectrum comparing contaminated control samples
tion, it can be see that the peaks at 1203, 1153 and 1094 cm−1 correlate strongly to
Braycote. It is more difficult to see the presence of silicone on the hybrid samples.
The peaks at 807 and 2961 cm−1 both correlate to peaks from the silicone contamination. It can be seen that Braycote does not contain the 2961 cm−1 peak in the
enhanced image in Figure 7.9. The peak at 807 cm−1 appears to be the same as in the
silicone sample, with a shoulder at 815 cm−1 from the Braycote. Another indicator of
silicone in the mixture is the increase in relative intensity from approximately 1130 to
1000 cm−1 corresponding to the Si-O-Si stretch for the RTV silicone. Looking at the
absorbance intensity between the Braycote and RTV samples, it can be understood
that the concentration of RTV contamination achieved is less. This is confirmed
looking at the contamination mass on the samples, discussed in section 7.3.
A comparison between the hybrid contaminated control from the second and third test
is shown in Figure 7.10. These tests are being compared because of the difference
in intensities. Test 1 for the hybrid samples resembles test 3 in terms of relative
absorbance. The test 2 control does not have the same relative intensity in the Si-OSi stretching region, but does have the peaks at 807 and 2961 cm−1 relating to silicone.
The difference in intensity is likely a result of the ratio of RTV to Braycote on the
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Figure 7.10: FTIR spectrum of hybrid contaminated control from tests 2
and 3
sample. This is in agreement with the fact that a weaker silicone solution was used
for contaminating test 2 samples. The decrease in silicone content is considered in
the analysis and discussion of the hybrid test 2 samples. Analysis of all contaminated
control samples showed that there was the expected contaminant(s) on the substrate
for each configuration.
AO Control Results
Every test had one AO control sample, with no contamination, that was exposed to
atomic oxygen. The purpose of this control was to characterize the effect of atomic
oxygen on the aluminum shim. The trend for the AO control results is shown in
Figure 7.11. An error bar is included on the peak at 926 cm−1 . The peak absorbance
values range from 0.064 to 0.091 % absorbance, falling outside of the error bar. The
test that was exposed to AO for 17 hours rather than 24 hours, saw an absorbance
value of 0.040 %. As this peak is associated with exposure to AO, it makes sense
that the sample exposed to less AO would have a less intense peak. All of the AO
control samples had a peak at 926±4 cm−1 , with a wide base and slightly steeper
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Figure 7.11: FTIR spectrum of AO control with error bar at 926 cm−1
slope on the left side. The FTIR spectrum of the clean, not AO-exposed, aluminum
shim, seen in Figure 7.3, has a slight peak at 940 cm−1 with an intensity of 0.007
%. Both O-H and O-C bonds show as narrow peaks in this range, which does not
describe the wide peak seen here. No other peaks were found that correlated to the
926 cm−1 peak. The majority of research done characterizing functional groups is on
organic materials, because metals generally do not show up on the IR spectrum. The
peak was seen to increase in intensity from exposure to AO. This suggests that the
peak seen on the AO control samples is likely due to an unusual oxide forming on the
surface of the aluminum. This peak, seen on the IR spectrum for other AO-exposed
sample, can be attributed to AO interaction with the substrate.

7.2.2

Test Sample Results

Carbon-Based Contamination
Two tests were run with carbon-based contamination, Braycote 601EF, as the only
contaminant on the substrate. The trend in the results showed a distinct peak at
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926±4 cm−1 , which can be attributed to the substrate, and a shoulder peak at 1050±5
cm−1 . One representative sample of this trend is shown in Figure 7.12 along with
the AO and contaminated controls for that run. Visual inspection of the spectra

Figure 7.12: FTIR spectrum for carbon-based configuration trend and
control samples
shows that the test sample is similar in shape to the AO control with the exception of
the slight shoulder on the left side of the main peak. The sample is visibly different
than the contaminated control sample, not exposed to AO. This along with the mass
loss, from AO exposure, on the samples averaging >90 % of the contamination mass,
discussed more in section 7.3, is a strong indication that the majority of the Braycote
is being eroded away. Specifically, erosion of the Braycote would explain the removal
of the two distinct peaks between 1400 and 1100 cm−1 , and peak around 640 cm−1 seen
on the contaminated control. These peaks are indicative of the PTFE in Braycote.
This suggests the contaminant remaining on the sample has a different molecular
structure than that of Braycote 601EF, likely as a result of AO erosion.
Again, one sample representative of the trend for the carbon-based configuration is
shown in Figure 7.13. Error bars are included on the two peaks of interest. The absorbances percentages primarily fall within the error bars, with 2-3 outliers falling less
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than ±0.01% absorbance outside. Two samples had slight variations from the trend,
and were therefore not included in the error calculations. These two samples are
plotted as variations 1 and 2 in Figure 7.13. Because many bonds appear in the fin-

Figure 7.13: FTIR spectrum for carbon-based configuration with error
bars at 1050 and 926 cm−1
gerprint region of the IR spectrum, it is difficult to determine the molecular structure
of the remaining contaminant given it only has one peak. Table 7.2 has been included
to identify the types of bonds that the peaks at 1050 and 1272 cm−1 could indicate.
The peaks in this region that contained sulfur, silicon, and phosphorus were excluded
from the table as those atoms are not typical in Braycote. The majority of the bonds
found in a region containing 1050 cm−1 are some variation of a carbon oxygen bond.
The C-O stretch can occur at different regions depending on what functional group it
is a part of. Atomic oxygen erosion of the Braycote is likely responsible for the carbon
oxygen bonding left on the sample. The first variation from the trend resembles the
AO control, however, since all of the test samples visibly showed Braycote on the surface this is not a result of improper contamination. The reason for this then is likely
the result of two factors. The first factor is that the majority of the contaminant was
eroded, as indicated by the mass loss during AO exposure and trend in the spectral
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Table 7.2: Wavenumber Ranges Including 1050 and 1272 cm−1
Functional Group Wavenumber Range
Functional Groups
−1
(cm )
/Notes
C-O, stretch
1060 - 1035
Noncyclic Acid Anhydrides
O-C-C, stretch
1100 - 1030
C-F, stretch
1400 - 1000
C-F, bend
approx. 650
Common with C-F stretch
C-C-O, stretch
1310 - 1250
C-O, Stretch
1320 - 1210
Carboxylic Acids
C-C-C, stretch
1300 - 1230
Information obtained from references [39, 37]

results. The other consideration is the measurement site of the sample having had
less contaminant to begin with. The second variation has a weak peak at 1272 cm−1
which was not seen for the other samples. This peak could be from a number of bonds
as shown in Table 7.2. Because of the noise from 700 to 550 cm−1 it is difficult to
see if a peak around 650 cm−1 exists. The 1272 cm−1 peak is likely either a carbon
oxygen bond with a different structure than what was seen on the rest of the samples,
or a C-F bond with a low intensity as the concentration in the sample has decreased.
Exposure to AO for the Braycote contaminated samples resulted in erosion of the
contaminant, with minor levels of what is likely C-O bonding remaining. The test
samples did not show the characteristic peaks associated with Braycote.
Silicone Contamination
Three tests were run in the silicone contamination configuration. The first test was
exposed to AO for 7 hours less than the other two, giving an interesting comparison for how the AO effects the silicone contamination with respect to time, which
is discussed further in section 7.4. Because of this difference though, the first test
was excluded when determining the trend in the results. Again, one representative
sample was plotted with the AO and contaminated controls of that test, shown in
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Figure 7.14. The silicone configuration also shows the peak associated with the substrate. From visual inspection it can be seen that the contaminant on the control
and the test samples differ. The peaks associated with the methyl groups have been

Figure 7.14: FTIR spectrum for silicone configuration trend and control
samples
removed, particularly visible from 3000 to 2800 cm−1 . There has also been a decrease
in intensity of the Si-O-Si peaks which range from 1130 to 1000 cm−1 for silicone [39].
Unlike the Braycote contaminated samples, the RTV silicone contaminated samples
saw the contaminant mass remaining on the samples after AO exposure. The expected interaction between silicone and atomic oxygen is that the surface layer of
silicone is converted to silica. This is generally determined by a decrease in C-H
stretching. Because the contamination film on the surface was sufficiently thin for
all C-H stretching to be removed, it is expected that the contaminant film on the
substrate after AO exposure was primarily silica.
Figure 7.15, shows the trend repeated, with error bars at the more intense peaks. Over
half of the samples fell outside of the error bars by less than 0.01% absorbance, thus
the results are discussed in terms of trends. The differences in absorbance are likely
a function of the slight variations in contamination quantity on the samples. Also
70

included are the spectra representative of the variations from the trend. Variation one,
in red, is representative of two samples from test 2 and one sample from test 3. This
spectrum differs from the AO control as it has a wide shoulder from 1240 cm−1 to the
926 cm−1 peak. The second variation is representative of two samples from test 2 that

Figure 7.15: FTIR spectrum for silicone configuration with error bars at
1240 and 926 cm−1
saw visible contamination on part of the sample. These samples were measured in the
FTIR twice, once examining the center of the sample (not in the visibly contaminated
region), and once in the visibly contaminated region. The spectra obtained from the
center of the samples follow the trend for the silicone configuration. The spectra
in blue, variation two, shows evidence of C-H stretching with weak peaks at 2962,
2921, and 2850 cm−1 . It also contains peaks at 804 and 1240 cm−1 , where the latter
peak extends out on the left side towards 1260 cm−1 . This is an indication that the
Si(CH3 )2 groups were not fully removed from the contaminant in this region. All
samples in the silicone configuration contained an absorbance greater than zero from
1270±10 cm−1 extending to the peak at 926 cm−1 , with the trend also containing a
more intense peak at 1240±10 cm−1 . The group wavenumbers for silica are given in
Table 7.3. Some of the peaks for silica are difficult to distinguish because of the peak
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Table 7.3: The Group Wavenumbers of Silica
Functional Group
Wavenumber Range
Features
−1
(cm )
Si-O-Si, asymmetric stretch
1200 - 1000
asymmetric, broad
Si-O-Si, symmetric stretch
approx. 805
Si-O-Si, bend
approx. 450
Information obtained from reference [39]

from the substrate. The region from 1200 to 1000 cm−1 has a slight absorbance which
could be from an Si-O-Si asymmetric stretch. However, it does not have a clear peak
as would be expected. The other peaks corresponding to Si-O-Si were not seen in the
spectra. The bend peak specifically would be difficult to identify because of the noise
in that region (not included in the figure).
Previous analysis of plasma generated silica has shown the presence of a peak at
1245±5 cm−1 in the IR spectrum corresponding to a variation in the Si-O or Si-OSi vibrational mode [32, 38]. Figure 7.16 shows the spectra of a plasma generated
silica film obtained with FTIR [32]. The wavenumber axis is shown in the opposite

Figure 7.16: FTIR spectrum of plasma generated SiO2 film [32]
72

direction to what is typically seen. The peak shape is asymmetric with a steeper
slope on the lower wavenumber side. One study showed this peak to increase in
intensity corresponding to the oxidation of a silicon sample [38]. Other peaks in this
region include C-F, C-O and C-N stretching. Of these peaks it could potentially be
C-O stretching from functional groups bonding with the atomic oxygen. However,
given silicon and oxygen were the predominate atoms in the contaminant and the
shape of the peak, the 1240 cm−1 peak is likely from Si-O bonding for the silicone
configuration samples. Because of the removal of the C-H stretching, and the evidence
of Si-O bonding, it can be concluded that the silicone contamination on the samples
transformed to silica from AO exposure.
Silicone and Carbon-Based Contamination
The third configuration tested was contaminating a substrate with both RTV silicone
and Braycote, referred to as the hybrid configuration. This test was used to characterize how Braycote remained on the sample in the presence of silicone as compared
to with just Braycote. The trend for each test case run in this configuration had slight
differences which is assumed to be due to a slight variation in the RTV-to-Braycote
ratio. One sample from each test that is representative of the set is shown in Figure
7.17. The important features for all tests are a peak at 1050±10 and 1230±10 cm−1 .
The intensity of these peaks change between the different test sets, as seen by the
mean absorbance values in Table 7.4. The peak at approximately 1230 cm−1 has an
absorbance less than the peak at 1050 cm−1 for all test means. However, half of the
samples in test 3 did not follow this trend, including the plotted spectrum. This is
likely the result of the test 3 samples having more silicone, which is the contaminant
associated with the the 1230 cm−1 peak. The mean and standard deviation for these
peaks, and the one from the substrate, are given for each test in Table 7.4. Test 1
was contaminated with a silicone mixture that was left to dissolve for approximately
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Figure 7.17: FTIR spectrum of hybrid configuration trends
Table 7.4: Mean and
Wavenumber
(cm−1 )
1230±10
1050±10
926±5

Standard Deviation of Hybrid
Mean and Standard Deviation (%
Test 1
Test 2
0.011±0.004
0.008±0.004
0.020±0.002
0.030±0.004
0.094±0.009
0.048±0.022

Configuration Peaks
Absorbance)
Test 3
0.013±0.007
0.014±0.003
0.057±0.015

4 hours, the silicone mixture for test 2 was only left for 2 hours, and the third test’s
silicone mixture was left for 5 hours. It can be assumed, based on later testing, that
the longer the silicone was left to dissolve the stronger the mixture was, leading to
more silicone on the samples. This likely explains the difference in peak intensities
between the test sets as the peak at 1230 cm−1 has a higher mean absorbance for test
3 which had the highest silicone concentration. Similarly, test 2 had the highest mean
absorbance for the 1050 cm−1 peak, and had a higher ratio of Braycote contaminating
the samples.
Figure 7.18 compares the trends from the silicone and carbon-based contamination
configurations with the two peaks seen on the hybrid samples. The spectrum used to
represent the hybrid trend is a sample from test 1. The peak at 1230 cm−1 is outside
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Figure 7.18: FTIR spectrum of the tends for each configuration
of the range that was characterized for Si-O bonding by pervious research, but has
a similar shape for test 3 to that seen on the silicone configuration at 1240 cm−1 .
This difference in location might be a result of differences in the molecular structure.
It can also be seen that the base of these peaks occur at approximately the same
wavenumber. The peak at 1050 cm−1 occurs in both the carbon-based trend and the
hybrid trend. The peaks on the hybrid samples correspond to peaks seen on the other
two configurations.
The spectra plotted in Figure 7.19 is a sample from the third hybrid test, compared
to the control samples for that test. This sample was selected as it shows a very
weak peak at 1154 cm−1 in addition to other peaks seen on the hybrid samples. Some
definition is lost because of the higher absorbance in the contaminated control. This
peak can also be observed in Figure 7.17 on the test 3 sample. This peak was found
on 50% of the samples in that test set so was not included as part of the trend.
The location of this peak is of interest because it corresponds to the C-F stretching
in Braycote which was observed to erode away in AO. This likely indicates that
the Braycote contaminating the hybrid sample is not experiencing the same level
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Figure 7.19: FTIR spectrum for select hybrid test sample and control
samples
of erosion. Because the peak only appears as a weak increase in absorbance, and
was only observed for three samples, there is not enough evidence to conclude the
silicone is reducing the Braycote erosion in AO. The Hybrid contaminated samples
were concluded to contain the same remaining contaminants as the Braycote and
RTV only samples after AO exposure. Specifically, silica from the silicone and C-O
bonding from the eroded Braycote.

7.3

Mass Loss

For each test that was run in this experiment, mass measurements were taken to
obtain the mass of the contaminant added to the substrate, and the mass lost from
AO exposure. Table 7.5 contains the average mass values with uncertainty found
using the standard deviation of the mean (aka standard error) for the silicone and
carbon-based configurations. The control values are averages of all controls in that
configuration, and each test case is the average of the six test samples. The column
mContaminant is the mass of the contaminant added to each sample, ∆mAO is the change

76

in mass of the sample after AO exposure, and % Contaminant Left on Sample is the
percent of the contaminant remaining on the sample after AO exposure assuming no
change in the mass of the substrate. All measurements were taken on the Mettler
Table 7.5: Mean Contaminant Mass Values
Configuration
mContaminant
∆mAO
% Contaminant
(Averages)
(µg)
(µg)
Left on Sample
AO Control
N/A
7±2
N/A
Braycote C. Control
560±12
-115±14*
79.6±2.2 %
Braycote Test 1
512±26
-504±27
1.7±0.5 %
Braycote Test 2
529±22
-509±23
4±0.5 %
RTV C. Control
20
-10*
50 %
RTV Test 1**
9±3
-6±1
22.2±14.0 %
RTV Test 2
18±2
3±2
125.0±16.0 %
RTV Test 3
19±1
3±2
115.6±12.8 %
*Value associated with mass loss from vacuum exposure instead of AO
exposure
**Exposed to AO for 7 hours less than all other tests
C. Control = Contaminated Control

Toledo XS3DU Microbalance, which has a readability of 10±5 µg. Each sample was
measured 3 times, and the average of that measurement was used for the sample,
which is how values below the readability of the microbalance occurred. These values
were included for completeness but are used to to see the order of magnitude rather
than precise values.
From Table 7.5, the trend for AO control samples was a slight mass gain after AO
exposure, which falls just outside the uncertainty of the scale. Mass gain was seen for
six out of the seven AO control samples, excluding the RTV test 1 sample from the
analysis. The Braycote configuration samples saw >95 % of the contaminant mass
eroded away from AO exposure, compared to in a vacuum environment where the
majority of the mass was remaining after the 24-hour period. The trend for RTV
test samples was a slight mass gain after AO exposure for the samples exposed to
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AO for 24 hours and a slight mass loss for test 1. Because the change in mass is
primarily in the range of uncertainty for the scale, the extent of mass gain or loss
cannot be concluded. For 24-hour RTV tests it can be seen that the majority of the
contaminant mass was remaining on the samples, where 50 % mass loss occurred for
all of the RTV contaminated controls.
The mass measurements are shown for the hybrid testing in Table 7.6. The mass of
Braycote, mBraycote , was measured for the later two tests prior to adding RTV silicone
contamination. The mass of both contaminants was then found after adding RTV
given as mContaminants , and finally the change in mass after AO exposure was found.
No error was included on the contaminated control samples as each value is only
representing one sample. Interestingly there was a mass loss after adding the RTV
contamination to the samples. There was also significant variability in the amount
Table 7.6: Mean Contaminant Mass Values for Hybrid Configuration
Hybrid
mBraycote mContaminants ∆mAO % Contaminant
(Averages)
(µg)
(µg)
(µg)
Left on Sample
C. Control Test 1 No value
120
-10*
91.7 %
C. Control Test 2
190
167
-37*
78.0 %
C. Control Test 3
170
100
-80*
20.0 %
Test 1
No value
209±15
-186±15
11.4±0.9 %
Test 2
406±13
332±9
-303±9
8.9±0.8 %
Test 3
227±4
214±20
-188±19
12.9±1.3 %
*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control

of contamination remaining on the controls in the hybrid configuration, ranging from
approximately 20 to 90 %. The mass loss from AO exposure was more consistent
for the AO exposed samples, however it cannot be determined what percent of each
contaminant is remaining.
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In an attempt to identify the source of the mass loss seen on the hybrid samples
during the contaminations process, an additional experiment was run. Seven 1 cm x
1 cm samples of aluminum shim were contaminated in the same manner as all other
tests with a Braycote solution. Then rather than contaminating the samples with
a silicone solution, as was done for the hybrid samples, pure Vertrel XF was used.
The Vertrel was pipetted on the sample until they were covered, and then allowed
to evaporate off. After the Vertrel evaporated, the mass of each sample was taken.
The samples were covered with Vertrel four times, as that is consistent with how the
silicone solution was deposited. The results from this experiment are shown in Figure
7.20, with each line representing one sample. The average mass loss per coverage

Figure 7.20: Braycote mass loss experiment results
was 19±6 µg, and the average total mass loss per sample was 76±16 µg. Comparing
these mass loss values to mass loss seen on the hybrid samples, which varied from
approximately 13 to 75 µg, the Vertrel in the hybrid solutions is likely responsible for
the mass loss. This might be explained by species from the Braycote bonding with
the Vertrel and being removed as vapor. Because of the variability in Braycote mass
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loss from Vertrel, it cannot be determined how much Braycote and RTV silicone were
on the Hybrid samples. However, looking at order of magnitude of mass gain on the
individually contaminated samples, it can be assumed there was at least ten times as
much Braycote on the samples as RTV Silicone.

7.4

Increased Silicone Tests

The additional tests that were run involved increasing the quantity of silicone on
the samples. The first of these tests increased the silicone on the hybrid sample in
increments, while keeping the Braycote constant, to observe if there was any difference in the remaining contamination as a result. The following two tests uniformity
increased the silicone on all samples, with the same quantity of Braycote contaminating the samples as previously for the hybrid configuration. In the second and third
test, one sample was included to characterize the effect of more RTV on a silicone
configuration sample.
Variations in Silicone Configurations
The effect of AO on the silicone contaminated samples can be studied by comparing
the trend for nominal RTV contaminated sample with the sample exposed to AO for
17 hours and the sample with an increased amount of silicone. The test configuration
for each sample set can be seen in Table 7.7 and the IR spectra in Figure 7.21. The
silicone mass value for the nominal RTV sample is the average and standard error
of all samples in the silicone configuration from tests 2 and 3. The decreased AO
exposure is the average and standard error of the silicone configuration test 1 samples.
Although the increased silicone test 3 was contaminated with a silicone solution that
was left to dissolve for the longest time, because of a leak in the seal, some of the
solution evaporated, resulting in less silicone contamination than expected. This can
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Table 7.7: Variations in Silicone Testing
Test Type
AO Exposure (hrs) Silicone Mass (µg)
Nominal RTV Sample
24
19±1
Decreased AO exposure
17
9±3
Increased Silicone Test 2
24
140
Increased Silicone Test 3
24
75
be see from the difference in silicone mass between the increased silicone tests 2 and
3. Figure 7.21 contains a sample representative of the trend for the nominal and
decreased AO tests. The shape of the spectra are similar for all samples exposed to
AO for 24 hours. Both configurations show peaks ranging from 1250 to 1230 cm−1 .

Figure 7.21: FTIR spectrum for various silicone contamination configurations

Comparing these samples with the 17-hour AO exposure, it appears that the Si-O-Si
vibrations corresponding to 1240±10 cm−1 increases while the Si-O-Si frequency from
1200 to 1000 cm−1 decreases in AO exposure. The increased silicone sample had a
higher percent absorbance, but is within the standard deviation of the nominal RTV
samples. The C-H stretching peaks were not seen for the decreased AO exposure
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trend or for the increased silicone samples. Because of the removal of C-H stretching
and the evidence of Si-O bonding, it can be concluded that all samples experienced at
least partial conversion to silica in AO exposure. The decreased AO exposure samples
saw less shift in the Si-O bond which indicates they experienced less conversion to
silica compared to the other samples.
Increased Silicone Concentration on Hybrid Tests
In the test run with a range of increased silicone concentrations, one sample showed
results that were of interest. Because of the mass loss in the hybrid contamination
process, the concentration of silicone on the sample is unknown. The recorded mass
values are included in Table 7.9. The sample of interest was plotted with the contaminated control sample of the same configuration, shown in Figure 7.22. The peak

Figure 7.22: FTIR spectrum for a sample from increased silicone test 1
called out at 1223 cm−1 has a flattened top ranging from 1208 to 1237 cm−1 . This is
likely the result of overlapping peaks. A peak around 1240 cm−1 is associated with
the Si-O-Si bond. The two peaks at 1208 and 1154 cm−1 , also seen on the control,
are strongly associated with the C-F stretch in Braycote. Typically, the C-F bond
also has a bending vibration around 650 cm−1 , which is difficult to identify because
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of the noise in that region. The peaks associated with C-H stretching are also not
seen on test sample spectrum.
In order to better characterize the effect of an increased RTV-to-Braycote ratio, two
more tests were run with increased silicone. The trends for these tests are shown in
Figure 7.23. There were two outliers in test 2 and one outlier in test 1 that did not
follow the trend. A sample representative of these outliers is included as the variation
in Figure 7.23. The trend for both hybrid tests with increased silicone was the presence

Figure 7.23: FTIR spectrum for increased silicone tests 2 and 3
of peaks at 1207±10, 1154±3, 929±4 and 804±4 cm−1 . Weak peaks were seen round
2925, 2849 and 632 cm−1 . The peak at 1050 cm−1 is not discussed as it was present on
the previous hybrid results. Table 7.8 includes the functional groups associated with
the wavenumbers of interest. The presence of peaks around 1207 and 1154 cm−1 are
a good indication that Braycote is present on the samples. This is furthered by the
weak peaks associated with C-H stretching and C-F bending. Specifically, the peaks
for C-H stretching were seen to be removed on the samples with only silicone, and
the one at 2961 cm−1 which was only seen for the silicone, does not appear. Because
of the presence of these peaks, it is likely the Braycote contamination remaining on
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Table 7.8: Wavenumbers Applicable to the Hybrid Spectra
Functional Group Wavenumber Range Features
(cm−1 )
C-F, stretch
1400 - 1000
Two peaks
C-F, bend
approx. 650
Si(CH3 )2
1260±5, 800±10
C-H, stretching
3000 - 2840
Information obtained from references [39, 37]

these samples is closer in molecular structure to the control than previously seen on
AO exposed samples. The trends would suggest that this is a result of the higher
quantity of silicone on the samples. The three samples that do not follow the trend,
do not have the peaks associated with C-F stretching. This is likely the result of the
samples not being contaminated properly, as they resemble the hybrid samples with
a smaller silicone quantity. This cannot be confirmed because it is unknown what
mass of silicone and Braycote were contaminating each sample.
The average mass values and standard error for the increased silicone tests are given in
Table 7.9. The values with no error are due to only one sample existing in that configuration. Both RTV contaminated samples saw mass loss in AO exposure, which differs
Table 7.9: Mean Contaminant Mass Values for Increased Silicone Tests
Configuration
mBraycote mContaminants ∆mAO % Contaminant
(Averages)
(µg)
(µg)
(µg)
Left on Sample
C. Control Test 1
490
540
-130*
75.9 %
Hybrid Sample Test 1 470±17
525±49
-425±43
19.2±1.7 %
RTV Only Test 2
No value
140
-120
14.3 %
C. Control Test 2
473
490
-140*
71.4 %
Hybrid Sample Test 2 537±18
547±24
-438±22
20.0±22 %
RTV Only Test 3
No value
77
-40
47.8 %
C. Control Test 3
587
717
-160*
77.7 %
Hybrid Sample Test 3 531±11
549±52
-448±40
18.2±2.0 %
*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control
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from what was previously seen for the silicone configuration. This could be because
the previous silicone mass loss values from AO exposure were less than the readability
of the scale. Since there are only two measurements in the increased silicone configuration, no conclusions could be drawn. Because of the mass loss in the contamination
process, it is unknown how much RTV silicone and Braycote were contaminating each
sample. Comparing the order of magnitude of the Braycote contaminant mass to the
RTV contaminant mass on the only silicone samples some assumptions can be made.
For test 2 there was approximately a 4:1 ratio of Braycote-to-RTV and for test 3 it
was closer to a 6:1 ratio. No assumption can be made about test 1 because no samples
were contaminated with just silicone for that silicone solution.
The hybrid samples initially tested only showed the same contaminants as those seen
on the individually contaminated samples after AO exposure. Specifically, they had
peaks associated with silica from the silicone contamination and with C-O bonding
from the eroded Braycote. These samples did not show the most intense peaks associated with Braycote. Comparatively, the increased silicone samples showed evidence
of the Braycote peaks from prior to AO exposure. One explanation for why hybrid
samples with less RTV silicone did not show evidence of C-F bonds from Braycote, is
the silica on the samples was not continuous. Silica is known to prevent AO erosion
when a continuous layer is present, however if this was not the case the Braycote contamination would still be exposed to the effects of AO. If AO was interacting with all
contaminants on the sample it would explain why the peaks from the contamination
on the hybrid samples was the sum of the peaks from the individually contaminated
samples. When the silicone concentration was increased, the Braycote appeared to
have less interaction with the AO. This is likely because the silica layer was approaching a continuous layer. The trend suggests that as the silica concentration on
the samples was increased, it prevented some AO erosion of the Braycote. These results indicate that when there is enough silicone contamination, the formation of silica
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from AO exposure can limit the erosion of another contaminant, effectively trapping
it to the surface. This trend was seen and reproduced for RTV-S 691 silicone and
Braycote 601EF grease.
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Chapter 8
CONCLUSION

8.1

Silicone and Carbon-Based Contamination in Atomic Oxygen

The aim of this research was to characterize the potential of silicone trapping carbonbased contamination to a surface in atomic oxygen exposure. Silicone contamination
has previously been shown to convert to silica in AO becoming fixed to sensitive
surfaces on spacecraft. Missions such as LDEF and EOIM-III give evidence to suggest
that during the conversion to silica, other contaminants can also become trap. A key
concern for trapped contaminants is the material and instrument degradation from
changes in thermal and optical properties as a result of the contamination. In order
to identify this occurrence, a substrate of aluminum shim was contaminated in three
different ways. First, with just Braycote 601EF for a carbon-based contaminant,
then with only RTV-S 691 silicone contamination, and finally contaminating with
both Braycote and RTV silicone. The Braycote and RTV, or hybrid, configuration
was tested with various quantities of silicone to a set amount of Braycote. After
a 24-hour exposure to AO, the samples were analyzed with FTIR spectroscopy to
determine the differences in IR spectra between configurations.
Both the silicone and carbon-based configurations showed a change in the contaminant
as a result of exposure to AO, as expected. Based on mass loss and spectral results,
the Braycote appeared to be eroded from the surface, with the trend showing the
removal of most major peaks, specifically the most intense peaks corresponding to
C-F bonding. The one peak that was seen on the results was likely from carbon
oxygen bonding. The silicone contaminated samples did not show mass loss as a

87

result of AO exposure for lower quantities of silicone, but did experience noticeable
mass loss when the quantity was increased. This difference in mass loss could be from
the small silicone quantity values being near the uncertainty in the scale. More tests
are needed for the increased silicone quantity to characterize the mass loss trend.
IR spectra of the silicone samples saw a decrease in intensity for the typical Si-O-Si
stretching region, and the appearance of a peak around 1240±10 cm−1 . Based on
results from other plasma generated silica, this peak likely corresponds to some Si-O
or Si-O-Si bond vibration. The silicone configuration also saw the removal of C-H
stretching which is indicative of silica formation.
The hybrid samples that were tested at a greater than ten to one ratio of Braycote to
RTV silicone, saw the combined spectra for the silicone only and carbon-based only
configurations. The two peaks varied in relative intensity between hybrid tests, but
occurred at consistent wavenumbers within ±10 cm−1 . Each of the peaks seen on
the hybrid samples were seen on either the silicone or Braycote samples, indicating
that the silicone was not effecting the Braycote left contaminating the sample. The
hybrid samples tested with an increased quantity of silicone saw peaks corresponding
to Braycote that had not been seen on the Braycote only samples. Specifically seen
were peaks corresponding to C-F stretching which were the most intense peaks for
Braycote not exposed to AO. The presence of these peaks indicated that the Braycote
on the increased silicone hybrid samples was shielded from some level of AO erosion.
As silica is known to protect materials from AO erosion, this is a good indication that
some amount of Braycote was being trapped and shielded by silica. The trend then
suggests that at certain ratios of RTV silicone to Braycote, the formation of silica in
atomic oxygen will cause some level of Braycote to become trapped to the surface.
One explanation for why this phenomenon was not see on the samples with a lower
quantity of silicone, is that sufficient levels of silicone are needed to form a protective
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barrier. Silica has been seen to be protective against AO erosion when a continuous
layer is formed. However, if the silica is not continuous, AO can interact with the
underlying material causing erosion.

8.2

Future Work

As the work done in this experiment gives preliminary evidence to suggest silicone can
trap carbon-based contamination, specifically Braycote, to a surface in atomic oxygen,
further research is important for increasing the certainty of this conclusion. Additional
tests should be run to explore under what conditions this occurs. Some specific areas
of research include experimenting with different types of silicones, contaminants, and
substrates, testing the effects over a range of silicone to contaminant ratios, and
exploring the effect of UV radiation on the samples. In addition to these topics it is
recommended to look at other methods for contamination, and analyze the samples
with additional materials characterization techniques.
For future work using different materials, it would be beneficial to use materials that
can be directly applied to the substrate. This might cause a challenge for getting a
homogenous layer if the materials are viscous, but would likely allow for more control
in the quantity of contaminants. The samples could also be spin coated to increase
the uniformity of the contaminants. Experimenting with a substrate that does not
have peaks in the IR spectrum would help to show some of the finer details that
might have been masked by the peak at 926 cm−1 . Metals tend to not be visible
on the IR spectrum, but alloys might cause visible peaks as seen in this research. A
preliminary experiment of a variety of clean substrates exposed to AO and analyzed
would help determine the best material to use. There are many types of contaminants
on spacecraft, exploring how these interact with silicone could give insight into the
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contamination control needs for future missions. Looking at contaminants that are not
carbon-based might allow for use of x-ray fluorescense which would give quantitative
results.
As seen in this research, the ratio between RTV silicone to Braycote caused significant
differences in the results. Characterizing how the contamination interacts with silica
formation at various levels is important for understanding the conditions that cause
the contaminant to become trapped. For future work on various ratios of silicone to
carbon-based contamination, the ability to control the quantity of contaminants is
key. To achieve this, alternative methods of contamination should be explored. It is
recommended to test a wide range of ratios of silicone to carbon-based contamination
to get a good range of results. If a standard of the contaminants can be made, it is
recommended for obtaining quantitative results with the FTIR. In addition to analyzing samples with FTIR spectroscopy, a profilometer or atomic force microscopy could
be used to map the surface morphology. This could be beneficial for characterizing
whether the silica layer is continuous depending on the tolerance of the profilometer
and the thickness of the silica. Comparing the contaminant mass to the thickness of
the contamination layer would be an interesting area of study. In the ground-based
experiment discussed in the background section of this thesis, it was seen that the
thinnest contamination layer came from the test with the greatest contaminant mass.
Another characterization method would be Focused Ion Beam electron microscopy.
This technique would allow for measurement of the contaminant composition as a
function of depth.
One of the concerns with carbon contamination is its tendency to darken under UV
exposure. The AO chamber in the Space Environments Lab has a UV lap which
could be used to test this. It is recommended to include samples with only silicone
contamination, only carbon-based contamination, and both contaminants to isolate if
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the combined effects differ from the singularly contaminated samples. Analyzing samples in UV for different configurations could characterize to what extent the trapped
contaminant causes additional darkening of the surface, if any. If the configuration
with both contaminants shows more darkening than the independently contaminated
samples, it would also be evidence to support carbon deposits becoming fixed to the
substrate. The ability to look at thermal and optical properties would be needed for
this research.
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APPENDICES

Appendix A
FTIR - SPECTRAL RESULTS

The figures included in this appendix have undergone a baseline correction and spectral subtraction where applicable. This appendix contains the complete set of FTIR
spectra obtained and analyzed for this thesis.

A.1

Braycote Contamination Configuration

Figure A.1: Braycote test 1 AO control

Figure A.2: Braycote test 1 contaminated control
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Figure A.3: Braycote test 1 sample 1

Figure A.4: Braycote test 1 sample 2

Figure A.5: Braycote test 1 sample 3

Figure A.6: Braycote test 1 sample 4
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Figure A.7: Braycote test 1 sample 5

Figure A.8: Braycote test 1 sample 6

Figure A.9: Braycote test 2 AO control

Figure A.10: Braycote test 2 contaminated control
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Figure A.11: Braycote test 2 sample 1

Figure A.12: Braycote test 2 sample 2

Figure A.13: Braycote test 2 sample 3

Figure A.14: Braycote test 2 sample 4
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Figure A.15: Braycote test 2 sample 5

Figure A.16: Braycote test 2 sample 6

A.2

RTV Silicone Contamination Configuration

Figure A.17: RTV silicone test 1 AO control
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Figure A.18: RTV silicone test 1 contaminated control

Figure A.19: RTV silicone test 1 sample 1

Figure A.20: RTV silicone test 1 sample 2

Figure A.21: RTV silicone test 1 sample 3
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Figure A.22: RTV silicone test 1 sample 4

Figure A.23: RTV silicone test 1 sample 5

Figure A.24: RTV silicone test 1 sample 6

Figure A.25: RTV silicone test 2 AO control
104

Figure A.26: RTV silicone test 2 contaminated control

Figure A.27: RTV silicone test 2 sample 1

Figure A.28: RTV silicone test 2 sample 1 with visible contamination

Figure A.29: RTV silicone test 2 sample 2
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Figure A.30: RTV silicone test 2 sample 3

Figure A.31: RTV silicone test 2 sample 4

Figure A.32: RTV silicone test 2 sample 5

Figure A.33: RTV silicone test 2 sample 6
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Figure A.34: RTV silicone test 2 sample 6 with visible contamination

Figure A.35: RTV silicone test 3 AO control

Figure A.36: RTV silicone test 3 contaminated control

Figure A.37: RTV silicone test 3 sample 1
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Figure A.38: RTV silicone test 3 sample 2

Figure A.39: RTV silicone test 3 sample 3

Figure A.40: RTV silicone test 3 sample 4

Figure A.41: RTV silicone test 3 sample 5
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Figure A.42: RTV silicone test 3 sample 6

A.3

Hybrid Contamination Configuration

Figure A.43: Hybrid test 1 AO control

Figure A.44: Hybrid test 1 contaminated control
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Figure A.45: Hybrid test 1 sample 1

Figure A.46: Hybrid test 1 sample 2

Figure A.47: Hybrid test 1 sample 3

Figure A.48: Hybrid test 1 sample 4
110

Figure A.49: Hybrid test 1 sample 5

Figure A.50: Hybrid test 1 sample 6

Figure A.51: Hybrid test 2 AO control

Figure A.52: Hybrid test 2 contaminated control
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Figure A.53: Hybrid test 2 sample 1

Figure A.54: Hybrid test 2 sample 2

Figure A.55: Hybrid test 2 sample 3

Figure A.56: Hybrid test 2 sample 4
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Figure A.57: Hybrid test 2 sample 5

Figure A.58: Hybrid test 2 sample 6

Figure A.59: Hybrid test 3 AO control

Figure A.60: Hybrid test 3 contaminated control
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Figure A.61: Hybrid test 3 sample 1

Figure A.62: Hybrid test 3 sample 2

Figure A.63: Hybrid test 3 sample 3

Figure A.64: Hybrid test 3 sample 4
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Figure A.65: Hybrid test 3 sample 5

Figure A.66: Hybrid test 3 sample 6

A.4

Increased Silicone Contamination Configuration

Figure A.67: Increased silicone test 1 AO control

115

Figure A.68: Increased silicone test 1 contaminated control - using 14% of
silicone solution

Figure A.69: Increased silicone test 1 sample 1 - using 14% of silicone
solution

Figure A.70: Increased silicone test 1 sample 2 - using 14% of silicone
solution
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Figure A.71: Increased silicone test 1 contaminated control - using 28% of
silicone solution

Figure A.72: Increased silicone test 1 sample 1 - using 28% of silicone
solution

Figure A.73: Increased silicone test 1 sample 2 - using 28% of silicone
solution
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Figure A.74: Increased silicone test 1 contaminated control - using 57% of
silicone solution

Figure A.75: Increased silicone test 1 sample 1 - using 57% of silicone
solution

Figure A.76: Increased silicone test 1 sample 2 - using 57% of silicone
solution
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Figure A.77: Increased silicone test 2 AO control

Figure A.78: Increased silicone test 2 contaminated control

Figure A.79: Increased silicone test 2 RTV only sample

Figure A.80: Increased silicone test 2 sample 1
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Figure A.81: Increased silicone test 2 sample 2

Figure A.82: Increased silicone test 2 sample 3

Figure A.83: Increased silicone test 2 sample 4

Figure A.84: Increased silicone test 2 sample 5
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Figure A.85: Increased silicone test 2 sample 6

Figure A.86: Increased silicone test 3 AO control

Figure A.87: Increased silicone test 3 contaminated control

Figure A.88: Increased silicone test 3 RTV only sample
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Figure A.89: Increased silicone test 3 sample 1

Figure A.90: Increased silicone test 3 sample 2

Figure A.91: Increased silicone test 3 sample 3

Figure A.92: Increased silicone test 3 sample 4
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Figure A.93: Increased silicone test 3 sample 5

Figure A.94: Increased silicone test 3 sample 6
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Appendix B
MASS RESULTS

The mass values included in this section are the averages of 3 measurements taken on
the Mettler Toledo Microbalance. The mSubstrate value is the clean aluminum shim
before contamination, the ∆mContaminant is the mass of the added contaminant, and
∆mAO is the change in mass due to the 24-hr AO exposure, or the 24-hr vacuum
exposure for the contaminated controls. For the hybrid configuration samples, where
mass values where taken after each added contaminant, the ∆mBraycote is the mass
of the Braycote added and ∆mRT V is the change in mass after adding RTV silicone.

B.1

Braycote Contamination Configuration

Table B.1: Braycote Test 1 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
12.96
N/A
0.00
C. Control
12.71
0.54
-0.09*
Sample 1
13.12
0.47
-0.453
Sample 2
11.813
0.446
-0.44
Sample 3
11.283
0.506
-0.50
Sample 4
12.99
0.626
-0.623
Sample 5
13.01
0.53
-0.52
-0.483
Sample 6
12.32
0.493
*Value associated with mass loss from vacuum exposure instead of AO
exposure
C. Control = Contaminated Control
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Table B.2: Braycote Test 2 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
15.27
N/A
0.02
C. Control
14.13
0.58
-0.14*
Sample 1
14.43
0.53
-0.51
Sample 2
15.70
0.573
-0.553
Sample 3
12.80
0.46
-0.446
Sample 4
15.40
0.48
-0.46
Sample 5
13.81
0.52
-0.49
Sample 6
14.616
0.606
-0.593
*Value associated with mass loss from vacuum exposure instead of AO
exposure
C. Control = Contaminated Control

B.2

RTV Silicone Contamination Configuration

Table B.3: RTV Silicone Test 1 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
11.60
N/A
0.00
C. Control
11.48
0.02
-0.01*
Sample 1
14.13
0.02
-0.006
Sample 2
11.34
0.003
-0.003
Sample 3
12.07
0.01
-0.01
Sample 4
11.17
0.006
-0.006
Sample 5
12.09
0.003
-0.003
Sample 6
10.87
0.01
-0.003
*Value associated with mass loss from vacuum exposure instead of AO
exposure
Note: Data set was exposed to AO for 7 hours less than other tests.
C. Control = Contaminated Control
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Table B.4: RTV Silicone Test 2 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
10.91
N/A
0.01
C. Control
10.96
0.02
-0.01*
Sample 1
10.87
0.02
0.006
Sample 2
10.46
0.02
0.00
Sample 3
10.88
0.02
0.00
Sample 4
11.02
0.01
0.01
Sample 5
10.80
0.02
0.00
Sample 6
10.19
0.02
0.003
*Value associated with mass loss from vacuum exposure instead of AO
exposure
C. Control = Contaminated Control

Table B.5: RTV Silicone Test 3 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
14.71
N/A
0.01
C. Control
13.29
0.02
-0.01*
Sample 1
14.963
0.016
0.01
Sample 2
14.23
0.02
0.00
Sample 3
13.46
0.02
-0.003
Sample 4
13.38
0.02
0.00
Sample 5
13.15
0.02
0.00
Sample 6
13.13
0.02
0.01
*Value associated with mass loss from vacuum exposure instead of AO
exposure
C. Control = Contaminated Control
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B.3

Hybrid Contamination Configuration

Table B.6: Hybrid Test 1 Mass Values
Configuration mSubstrate (mg) ∆mContaminant (mg) ∆mAO (mg)
AO Control
12.06
N/A
0.003
C. Control
14.53
0.12
-0.01*
-0.173
Sample 1
14.03
0.196
Sample 2
12.84
0.143
-0.123
Sample 3
15.84
0.22
-0.19
Sample 4
16.31
0.21
-0.19
Sample 5
16.48
0.24
-0.22
Sample 6
15.24
0.246
-0.22
*Value associated with mass loss from vacuum exposure instead of AO
exposure
C. Control = Contaminated Control

Table B.7: Hybrid Test 2 Mass Values
Configuration mSubstrate (mg) ∆mBraycote (mg) ∆mRT V (mg)
AO Control
10.97
N/A
N/A
C. Control
11.52
0.19
-0.023
Sample 1
11.55
0.383
-0.06
Sample 2
11.87
0.376
-0.07
Sample 3
11.83
0.39
-0.056
Sample 4
11.69
0.40
-0.08
Sample 5
12.03
0.416
-0.08
Sample 6
12.05
0.46
-0.093

∆mAO (mg)
-0.02
-0.036*
-0.293
-0.276
-0.293
-0.30
-0.31
-0.343

*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control
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Table B.8: Hybrid Test 3 Mass Values
Configuration mSubstrate (mg) ∆mBraycote (mg) ∆mRT V (mg)
AO Control
14.82
N/A
N/A
C. Control
14.83
0.17
0.07
Sample 1
13.94
0.28
-0.023
Sample 2
14.85
0.283
-0.03
Sample 3
14.67
0.29
-0.12
Sample 4
16.43
0.27
-0.05
Sample 5
14.48
0.28
-0.03
Sample 6
14.48
0.26
-0.12

∆mAO (mg)
-0.01
-0.08*
-0.236
-0.22
-0.14
-0.19
-0.22
-0.12

*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control

B.4

Increased Silicone Contamination Configuration

The samples in increased silicone test 1 were split into 3 groups with a contaminated
control and two test samples. Samples in set 1 were contaminated with 14% of
the silicone solution, the samples in set 2 were contaminated with 28% of the silicone
solution, and the samples in set 3 were contaminated with 57% of the silicone solution.
Table B.9: Increased Silicone Test 1 Mass Values
Configuration mSubstrate (mg) ∆mBraycote (mg) ∆mRT V (mg) ∆mAO (mg)
AO Control
16.96
N/A
N/A
0.00
C. Control 1
16.62
0.45
-0.04
-0.06*
Sample 1 (a)
14.64
0.44
-0.02
-0.40
Sample 1 (b)
17.23
0.49
0.04
-0.50
C. Control 2
17.23
0.526
-0.006
-0.07*
Sample 2 (a)
15.52
0.52
-0.08
-0.41
Sample 2 (b)
15.37
0.47
0.016
-0.446
C. Control 3
16.00
0.49
0.02
-0.13*
Sample 3 (a)
15.93
0.44
0.05
-0.35
Sample 3 (b)
15.63
0.50
0.00
-0.50
*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control
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Table B.10: Increased Silicone Test 2 Mass Values
Configuration mSubstrate (mg) ∆mBraycote (mg) ∆mRT V (mg) ∆mAO (mg)
AO Control
12.20
N/A
N/A
0.01
C. Control
15.02
0.473
0.016
-0.14*
RTV Only
15.52
N/A
0.14
-0.12
Sample 1
15.46
0.50
0.01
-0.416
Sample 2
15.71
0.53
0.023
-0.423
Sample 3
15.293
0.616
0.03
-0.53
Sample 4
15.163
0.51
-0.016
-0.376
0.506
0.003
-0.423
Sample 5
15.33
Sample 6
14.943
0.556
0.01
-0.456
*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control

Table B.11: Increased Silicone Test 3 Mass Values
Configuration mSubstrate (mg) ∆mBraycote (mg) ∆mRT V (mg) ∆mAO (mg)
AO Control
12.856
N/A
N/A
-0.003
C. Control
13.143
0.586
0.13
-0.16*
RTV Only
13.64
N/A
0.076
-0.04
Sample 1
13.07
0.54
0.08
-0.53
Sample 2
13.64
0.55
-0.23
-0.26
Sample 3
14.053
0.536
0.16
-0.51
Sample 4
13.796
0.553
0.023
-0.483
Sample 5
13.80
0.476
0.053
-0.46
Sample 6
13.21
0.53
0.02
-0.44
*Value associated with mass loss from vacuum exposure instead of AO exposure
C. Control = Contaminated Control
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Appendix C
ATOMIC OXYGEN VACUUM CHAMBER PROCEDURE

This procedure has been modified from the procedure written by Marlee Litzinger [28].
The operating procedure for the desiccant chamber (Junior) can also be found in reference [28].

C.1

Safety Concerns

1. The intent of this section is not to address all the safety concerns encountered
in the Space Environments Lab at Cal Poly SLO. It is the user’s responsibility
to ensure that all lab safety procedures are adhered to.
2. As with any space environments chamber, do not operate without first receiving
proper training in safety and operation of this specific chamber.
• Do not operate this apparatus alone. Those accompanying you must be
instructed in how to shut down the system in the case that an accident
occurs and you are unable to communicate.
• You or someone working with you must also have Dr. Abercromby’s direct
number in case of urgent issues.
3. There is a bag of un-popped popcorn kernels mounted next to the radio frequency power source. The purpose of which is that in the unlikely event that
potentially harmful amounts of energy are exiting the system, the popping kernels would serve as an indicator. If you smell, see, or hear the kernels popping,
evacuate the lab and call Dr. Abercromby.
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4. The system heats up to 93°C during a 24-hour test. Heated elements include
but are not limited to the coaxial cable, DSS, and the base assembly. It is
recommended that users let the system cool under vacuum before removing
samples for weighing. Another option would be to wear protective gloves when
detaching the coaxial cable and removing samples.

C.2

Witness Sample Preparation

1. Wear nitrile gloves to protect samples from contaminants on your hands. Fingerprints add weight.
2. Cut at least one Kapton HN witness sample, whose size is dependent on the
base plate being used. Reference the plate witness sample slots for size.
3. Per ASTM E2089, samples should be placed in a vacuum under 200 mTorr for
48 hours or longer as required until mass loss due to moisture evaporation is
not measured.

C.3

AO Exposure

1. Ensure that all vacuum control panel toggles are switched to the “off” position.
2. Flip the Main Power switch on the front control panel to the “on” position.
3. Turn on the Granville-Phillips 316 Vacuum Gauge Controller. Convectron
gauge 2 indicates the pressure of the roughing line in Torr, and gauge 3 indicates the chamber pressure in Torr.
4. Prior to raising the hoist, ensure that the coaxial cable is not attached to the
top of the chamber.
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5. Use the hoist switch to raise the lid. Note that the hydraulic mechanism lags
behind the switch. This poses a threat to the grounding wires that are fixed
to the lid, as they will break off if the hoist is raised too far. The hoist switch
must be released in anticipation of this.
6. Lift the side lever that pushes against the bell jar and remove the glass.
7. Remove the witness samples from vacuum. At this point, the 5-minute period
has started.
8. Weigh the samples (witness or otherwise) and place them in the chamber. Secure the witness samples in the center slots for the two-slot plate, placing them
from beneath the plate and securing the backers in place. Place the test samples
in the test slots, aligning the top surface with the level of the witness samples.
9. Once samples are loaded, replace the glass bell jar.
10. Lower the side lever that pushes against the bell jar.
11. Lower the lid using the hoist switch.
12. Attach the coaxial cable to the lid.
13. Ensure that all ports are closed, including the black nupro valve on the gas
insertion line, the vent valve, and the valve to the roughing line.
14. Flip the Mechanical Pump Power and the Mechanical Pump switches to the
“on” position.
15. On the mechanical pump control box, flip the switch to the “on” position.
16. Once the pressure in the roughing line reaches around 150 mTorr, flip the Chamber Rough Valve switch to the “on” position.
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17. Once the chamber pressure reaches 165 mTorr, open the valve to the gas insertion line and adjust it to obtain an equilibrium pressure of 175 ± 10 mTorr.
Monitor the chamber for several minutes to ensure stability.
18. Turn on the R301 generator.
19. Set the power to 125 W.
20. Turn on the MC2 controller.
21. Switch to manual adjustment mode and adjust the load and tune capacitors
each to 50%.
22. Switch the adjustment mode back to auto for both tune and load. This is
necessary or else the controller will not be able to reduce the reflected power.
23. Perform one last check for the chamber pressure. It should be steady at 175 ±
10 mTorr.
24. Turn on the RF power on the R301.
25. At this time, the MC2 will auto-adjust to find a stable point where the reflected
power (REF) is 1 W or O W. If at any times the REF is greater than OW,
manually adjust the tune and/or load until the REF is OW. If it is not possible
to obtain O W REF, turn off the system and refer to the MC2 manual.
26. Adjust the phase and magnitude to be O ± 25 m V each. These can be adjusted
by turning the potentiometers on the left-hand side of the AT3 unit.
27. Maintain the system at these settings for 24 hours, or the desired exposure
period.
28. Turn off the RF power using the button on the R301 box.
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29. Turn off the M C2 controller.
30. Turn off the R301 generator.
31. Note that the system is at an elevated temperature. Either wait for the system
to cool or use protective gloves.
32. Disconnect the coaxial cable from the feedthrough port on the lid.
33. Close the valve to the gas insertion line.
34. Close the Chamber Rough Valve.
35. Flip the Mechanical Pump Power and Mechanical Pump switches to the “off”
position.
36. Flip the Vent switch to the “on” position and fully open the valve to the gas
insertion line. Make sure to flip the Vent switch to the “off” position when
the chamber pressure reaches 700 Torr. Otherwise, the compressed air line will
cause the lid to suddenly lift off of the chamber with a “pop.”
37. Continue to vent the chamber through the gas insertion line.
38. Once the chamber pressure has reached equilibrium, use the hoist switch to
raise the lid. While doing so, hold the coaxial cable out of the way in order to
reduce strain on it. As before, ensure that the grounding cables are not strained
by lifting the lid too high.
39. Remove the glass to gain access to the samples.
40. Remove the samples from the chamber to weigh them.
41. Weigh each sample (witness or otherwise) within 5 minutes from when the
vacuum was lost.

134

42. Lower the lid when not in use.
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Appendix D
FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FTIR) PROCEDURE

This procedure has been reproduced from the Standard Operating Procedure: Jasco
FT/IR 4600 provided by the Materials Engineering Department at Cal Poly San Luis
Obispo. Note: acetone was used in place of isopropyl alcohol for the purpose of this
thesis.

D.1

Standard Operating Procedure: Jasco FT/IR 4600

1. Ensure the switch on the back of the FTIR is in the ON position (not the switch
on the top of the machine) and the BioRad USB is plugged into the back of the
computer monitor.
Note: If the switch on the back of the FTIR is not in the ON position, flip it
ON; you must wait approximately 15 minutes thereafter for the FTIR to warm
up. If the BioRad USB is missing, contact Prof. Harding (Bldg 41 Office 227).
2. Turn on the computer tower and computer monitor.
3. The green LED next to the RESUME option on the top of the FTIR should be
illuminated. If so, turn the power switch to the ON position. The green LED
next the BOT should illuminate. Wait for approximately 15 seconds thereafter
for the green LED next to LAZER to illuminate (listen for beeps).
Note: If green LEDs do not illuminate, refer to Step 1.
4. Open the Spectra Management program on the computer by double-clicking on
the icon.
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Note: Spectra Management will not open if the FTIR has been ON and idle for
an extended period of time. If this is the case, turn the switch on top of the
FTIR to the OFF position and compete Step 3.
5. Open the Spectra Measurement option on the left side menu by double clicking
on it.
6. Open the blue lid of the FTIR. Twist the black knob counterclockwise and
rotate it away from the sample surface.
7. Using the isopropyl alcohol and several Kimwipes, lightly wipe down the center
of the sample surface and bottom tip of the positioning arm.
8. With the positioning arm rotated away from the sample surface and the alcohol
completely wiped away, close the lid of the FTIR.
Note: Your sample should NOT be in the FTIR at this time.
9. On the computer screen, locate the ”B” icon with the red arrow underneath it
(top of screen, left side of tool bar). Click on this icon to conduct the necessary
background scan. Wait approximately 1-2 minutes for the background to be
taken. A graph should appear.
Note: The background scan is used only for calibration. Data from the background scan does not need to be recorded.
10. Open the blue lid of the FTIR. Place your sample on the center of the sample
surface.
11. Rotate the black knob so the positioning arm is directly above the sample
surface. (You should feel a gentle click when the levering arm re-aligns). Twist
the black knob clockwise, lowering the positioning arm until it makes contact
with your sample.
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12. With your sample lightly pinned down by the positioning arm, close the lid of
the FTIR.
13. On the computer screen, locate the ”S” icon with the red arrow underneath it
(top of screen, left side of tool bar). Click on the icon to run an IR scan of your
sample, Wait approximately 30 seconds for the sample spectra to be taken.
Once the scan has been run, a new graph will replace the previous background
graph.
14. Save a screenshot and/or exported csv file onto a USB/Flashdrive.
15. Remove your sample from the FTIR. Wipe down the center of the sample surface
and bottom tip of the positioning arm using isopropyl alcohol and Kimwipes.
16. Once you have completed all of your IR scans, exit out of all software programs.
Turn the power switch on the top of the FTIR to the OFF position.
Note: Do not turn off the FTIR before exiting the software.
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